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FOREWORD 

Th i s  r e p o r t  summarizes t h e  t e c h n i c a l  accomplishments under 
Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion  C o n t r a c t  NAS8-11616 
f o r  t h e  pe r iod  June  24, 1964 t h r u  January 28, 1966. The program 
w a s  sponsored by t h e  Manufacturing Engineer ing  Div i s ion ,  George 
C .  Marshal l  Space F l i g h t  Center,  H u n t s v i l l e ,  Alabama. M r .  Manly 
Tommie w a s  t h e  t e c h n i c a l  c o n t r a c t  moni tor .  

Work under t h i s  c o n t r a c t  was performed i n  two phases .  Phase 
I c o n s i s t e d  of t h e  development of d e s i g n  c r i t e r i a  f o r  a d i e  i n -  
c o r p o r a t i n g  p o s i t i v e  b lank  r e s t r a i n t  f e a t u r e s  and subsequent de- 
s i g n  of a male forming d i e .  Computer t echn iques  were used t o  de- 
f i n e  t h e  d i e  con tour .  

Phase I1 i nvo lved  t h e  exp los ive  forming of 2014-0, 2219-0, 
2219-T31, and 7039-0 aluminum a l l o y s ,  1020 carbon s t e e l ,  and Ti-6A1- 
4V i n t o  1 / 7 - s c a l e  S a t u r n  V gore segments, ~ l s i n g  a d i e  manufactured 
t o  des ign  drawings developed under Phase I. Subsequent e v a l u a t i o n  
of m e t a l  spr ingback  and mechanical p r o p e r t i e s  of e x p l o s i v e l y  formed 
material completed t h e  Phase I1 t e c h n i c a l  e f f o r t .  
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SUMMARY 

An i n v e s t i g a t i o n  of t h e  development of exp los ive  forming t ech -  
n iques  f o r  S a t u r n  V components was conducted i n  two phases .  Phase 
I involved  t h e  d e s i g n  and f a b r i c a t i o n  of  a n  e x p l o s i v e  forming d i e ,  
c lamping r i n g s ,  t o o l s ,  and templa tes .  Phase I1 e f f o r t  w a s  con- 

2014-0, 2219-0, 2219-T31, and 7039-0 aluminum alloys, 1020 carbon 
s t ee l ,  and Ti-6A1-4V s h e e t  and p l a t e .  

cerned w i t h  t h e  u s e  cf t h e  desigxed hardvzre tc? explcs ive ly  form 

During Phase I, des ign  c r i t e r i a  w e r e  developed i n  t h r e e  re- 
s t r a i n i n g  groove concepts  using u n i a x i a l  mechanical  t e s t i n g  meth- 
ods.  An o f f s e t  edge clamp design w a s  s e l e c t e d  f o r  t h e  des ign .  
Using t h e  c r i t e r i a  e s t a b l i s h e d  du r ing  t e s t  and computer ized d a t a  
r e l a t i n g  t o  d i e  contour ,  a female d i e  w a s  des igned .  Economic and 
t e c h n i c a l  r easons  caused a r e d i r e c t i o n  of t h e  e f f o r t  t o  d e s i g n  a 
m a l e  forming d i e  us ing  a l l  a p p l i c a b l e  c r i t e r i a .  A m a l e  forming 
die and a s s o c i a t e d  hardware were des igned  and f a b r i c a t e d .  Both 
1620 and 7094 computer programs were used i n  t h e  d e s i g n  phase.  

During Phase 11, t h e  s e l e c t e d  a l l o y s  were e x p l o s i v e l y  formed 
us ing  t h e  d i e  and t o o l i n g  designed i n  Phase I. Metal spr ingback ,  
metal s t r e t c h i n g ,  and changes i n  mechanical  p r o p e r t i e s  w e r e  eval- 
ua ted .  I n  g e n e r a l ,  t h e  0 .125- in . - th ick  2014-0 aluminsm showed 
t h e  lowest  spr ingback ,  wh i l e  incomple te  forming caused maximum de- 
v i a t i o n  f o r  2219-T31 aluminum. Metal s t r e t c h i n g  i n  t h e  range  of 
0 t o  6% was t y p i c a l  f o r  a l l  a l l o y s  w i t h i n  t h e  p a r t  t r i m  l i n e .  The 
maximum p r v p e r t y  changes occurred  wi th  7039-0 aluminum in which 
t e n s i l e  and y i e l d  s t r e n g t h  approilched t h e  p r o p e r t i e s  f o r  7039-T62 
a f t e r  e x p l o s i v e  forming.  Only rnoderate changes occur red  f o r  t h e  
1020 s t ee l  and o t h e r  aluminum a l l o y s .  Bla.-ks from each of t h e  
s e l e c t e d  a l l o y s  were h e a t  t r e a t t d  and trimmed, and go re  segment 
p a r t s  w e r e  produced. 

v i i  
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I .  INTRODUCTION AND BACKGROUND 

1-1 

The most s e r i o u s  t e c h n i c a l  problem t o  overcome i n  forming seg-  
ments  of l a r g e  domes i s  s p r i n g h a c k ,  s i n r e  t h e  d e p t h  nf draw,  h y  
n e c e s s i t y ,  i s  r e l a t i v e l y  shal low.  An unders tanding  of spr ingback ,  
i t s  p r e d i c t i o n ,  and c o n t r o l  is, t h e r e f o r e ,  most impor tan t  f o r  prop- 
e r  f a b r i c a t i o n .  

Springback is  g e n e r a l l y  d e f i n e d  as t h e  tendency f o r  a material 
t o  r e t u r n  t o  i t s  o r i g i n a l  shape a f t e r  forming.  It is  most s e v e r e  
when o n l y  a sha l low draw depth i s  r e q u i r e d  and when t h e  b lank  m a -  
t e r i a l  h a s  a h igh  y i e l d  s t r e n g t h .  

Springback must be  c o n t r o l l e d  by c l e a r l y  unders tanding  t h e  
unde r ly ing  v a r i a b l e s  and d i s t i n g u i s h i n g  between t h e  two c o n t r i b -  
u t i n g  f a c t o r s .  One i s  rebound, r e s u l t i n g  when t h e  moving metal  
b lank  and t h e  d i e  s u r f a c e  c o l l i d e .  The o t h e r  c o n t r i b u t i n g  f a c t o r  
i s  t h e  p r o p o r t i o n  of e l a s t i c  s t r a i n  p re sen t  i n  t h e  t o t a l  deforma- 
t ion .  

The amount of rebound is p r o p o r t i o n a l  t o  t h e  t e rmina l  v e l o c i t y  
a t  which t h e  b lank  s t r i k e s  t h e  d i e  s u r f a c e  and t h e  c o e f f i c i e n t  of 
r e s t i t u t i o n  between t h e  blank and t h e  d i e  materials. The r e s t i t u -  
t i o n  c o e f f i c i e n t  i s  measured by t h e  r a t i o  of t h e  rebound v e l o c i t y  
t o  t h e  impact v e l o c i t y  and depends on t h e  material  of t h e  s t r i k e r  
and t h e  s u r f a c e  m a t e r i a l  s t r u c k .  For  example, t h e  r e s t i t u t i o n  co- 
e f f i c i e n t  between aluminum and s t ee l  would be  l a r g e r  t han  t h a t  be- 
tween aluminum and c o n c r e t e .  Decreasing t h e  r e s t i t u t i o n  c o e f f i -  
c i e n t  by changing t h e  m a t e r i a l  used f o r  t h e  i n s i d e  l i n e r  of a d i e  
s u r f a c e  would dec rease  t h e  rebound. S i m i l a r l y ,  dec reas ing  t h e  ve- 
l o c i t y  wi th  which t h e  blank s t r i k e s  t h e  s u r f a c e  of t h e  d i e  c a v i t y  
w i l l  dec rease  rebound. Thus, i f  spr ingback  i s  p r e s e n t ,  an i n -  
c r e a s e d  e x p l o s i v e  charge w i l l  no t  o n l y  f a i l  t o  reduce sp r ingback  
bu t  could  cause  a n  o p p o s i t e  e f f e c t  by i n c r e a s i n g  t h e  v e l o c i t y  w i t h  
which t h e  blank s t r i k e s  t h e  d i e  s u r f  ace. 

The n a t u r e  of t h e  explosive-forming p rocess  h e l p s  reduce  t h e  
amount o f  rebound. A s  t h e  e x p l o s i v e  shock wave passes  through 
t h e  water  it  i m p a r t s  forward momentum t o  t h e  wa te r .  The shock 
wave then  s t r i k e s  t h e  blank, f o r c i n g  i t  i n t o  t h e  d i e .  When t h e  
b lank  t r i e s  t o  rebound e l e a s t i c a l l y  on impact w i t h  t h e  w a l l s  of 
t h e  d i e  c a v i t y ,  i t s  r e v e r s e  motion i s  r e s i s t e d  by t h e  forward 
momentum of t h e  w a t e r  fo l lowing  t h e  shock wave. 

- 
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The c o n t r i b u t i o n  of e l a s t i c  s t r a i n  t o  sp r ingback  i s  more d i f -  
f i c u l t  t o  c o n t r o l .  The b a s i c  p r i n c i p l e  u n d e r l y i n g  any c o n t r o l  
method i s  t o  i n c r e a s e ,  as much as p o s s i b l e ,  t h e  p r o p o r t i o n  of p l a s -  
t i c  s t r a i n  r e q u i r e d  t o  produce t h e  d e s i r e d  de fo rma t ion .  

To i l l u s t r a t e  t h i s  p r i n c i p l e ,  a t y p i c a l  s t r e s s - s t r a i n  cu rve  
i s  shown in  F i g .  1-1. 

A 

Fig .  1-1 Springback due t o  E l a s t i c  S t r a i n  

The d i r e c t i o n  of l oad ing  i s  from 0 t o  A and t h e  d i r e c t i o n  of 
unloading i s  from A t o  C .  
of t h e  m a t e r i a l ,  and OP' r e p r e s e n t s  t h e  co r re spond ing  maximum 
e l a s t i c  s t r a i n .  

P o i n t  P r e p r e s e n t s  t h e  e l a s t i c  l i m i t  

I f  the s t r a i n  i n  t h e  deformed b lank  a t  any l o c a t i o n  i s  l e s s  
t han  t h e  maximum e l a s t i c  s t r a i n  O P ' ,  t h e  m a t e r i a l  a t  t h i s  l o c a -  
t i o n  w i l l  n o t  be permanently deformed, t e n d i n g  t o  s p r i n g  back 
completely.  T h i s  makes it  n e c e s s a r y  t o  deform t h e  ma te r i a l  be- 
yond t h e  e l a s t i c  l i m i t  t o ,  f o r  example, Po in t  A i n  F i g .  1-1, 
which h a s  a t o t a l  s t r a i n  of O A ' .  When t h e  forming p r e s s u r e  i s  
r e l e a s e d ,  t h e  m a t e r i a l  w i l l  unload e l a s t i c a l l y  a long  t h e  l i n e  AC 
toward Po in t  C .  I f  t h e r e  i s  no r e s t r a i n t  from a d j o i n i n g  m a t e r i a l ,  
t h e  permanent s t r a i n  remaining i s  O c .  
t h e  amount C A '  w i l l  be e l a s t i c  and t h e  amount OC w i l l  be  p l a s t i c .  

Of t h e  t o t a l  s t r a i n  O A ' ,  
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The amount C A I  w i l l  c o n t r i b u t e  t o  spr ingback  and t h e  r a t i o  CA'/OA' 
r e p r e s e n t s  t h e  p ropor t ion  of e l a s t i c  s t r a i n  p r e s e n t  t h a t  c o n t r i b -  
u t e s  t o  spr ingback .  The f a r t h e r  P o i n t  A i s  from Po in t  P ( t h e  
e l a s t i c  l i m i t ) ,  t h e  l a r g e r  t h e  p r o p o r t i o n  of p l a s t i c  s t r a i n  o r  
permanent deformation. Therefore ,  t o  reduce spr ingback  t h e  p l a s -  
t i c  deformat ion  must be maximized wi thou t  exceeding t h e  u l t i m a t e  
vaiue. 

It fo l lows ,  t h e n  t h a t  the  s t r e t c h i n g  mode of deformat ion  of 
The most d i -  t h e  b lank  must be maximized t o  reduce  spr ingback .  

rect method i s  t o  provide  complete r e s t r a i n t  around t h e  pe r ime te r  
of t h e  blank o u t s i d e  t h e  d i e  c a v i t y .  This w i l l  p revent  t h e  b lank  
material from f lowing  i n t o  t h e  d i e  s o  it has  t o  be s t r e t c h e d  t o  
ach ieve  i t s  d e s i r e d  shape. Cons ide rab le  f o r c e  i s  r e q u i r e d  t o  re- 
s t r a i n  t h e  f l a n g e  material  ( t h a t  p a r t  of t h e  b lank  remaining ou t -  
s i d e  t h e  d i e  c a v i t y ) .  The r e s t r a i n i n g  f o r c e  pe r  u n i t  l e n g t h  of 
pe r ime te r  m u s t  be equa l  t o  o r  l a r g e r  t h a n  t h e  product of t h e  y i e l d  
s t r e s s  of t h e  blank m a t e r i a l  and t h e  b lank  t h i c k n e s s .  Blank m a -  
ter ia ls  having  a h igh  y i e l d  stress would r e q u i r e  h o l d i n g  mecha- 
nisms s imi l a r  t o  t h e  j a w s  of a s t r e t c h  p r e s s .  

The amount of p l a s t i c  s t r a i n  caused by bending a b lank  t o  a 
g iven  c u r v a t u r e  can  be d i r e c t l y  i n c r e a s e d  by i n c r e a s i n g  t h e  t h i c k -  
nes s  of t h e  blank.  Consider t h e  s t r i p  of b lank  material shown i n  
F ig .  1-2 t h a t  has  been bent  from f l a t  t o  t h e  r a d i u s  of c u r v a t u r e  
R. The maximum s t r a i n  a t  the o u t e r  f i b e r  E by geomet r i ca l  
c o n s i d e r a t i o n s ,  i s  m a x '  

E = h/2R, max 

where 

h = t h i c k n e s s  of s t r i p ,  

R = l o c a l  r a d i u s  of c u r v a t u r e  of formed shape. 

R 

Neutral Axis 
* hl2R Emax 

E 0 Yield  Strain 
P 

F i g .  1-2 Bending S t r a i n s  
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It can be seen  t h a t  t h e  l a r g e r  t h e  r a d i u s  of c u r v a t u r e  R, t h e  
s m a l l e r  the s t r a i n  w i l l  be and, t h e r e f o r e ,  t h e  l a r g e r  t h e  s p r i n g -  
back. For a f i x e d  v a l u e  of R, cmaX may be i n c r e a s e d  w e l l  i n t o  

t h e  p l a s t i c  range by i n c r e a s i n g  t h e  t h i c k n e s s ,  h ,  s u f f i c i e n t l y .  
For  t h e  purpose of scale  modeling, i t  shou ld  be no ted  t h a t  t h e  
amount of s t r a i n  i s  determined by t h e  r a t i o  of a b l ank  t h i c k n e s s  
t o  t h e  r a d i u s  of c u r v a t u r e ,  For  example, i f  a 1 / 7 - s c a l e  model i s  
used t o  i n v e s t i g a t e  spr ingback,  a b l ank  t h i c k n e s s  1 1 7  of t h e  f u l l  
s c a l e  w i l l  be  r e q u i r e d  t o  make t h e  s t r a i n  t h e  same f o r  both t h e  
model and t h e  f u l l - s c a l e  a r t i c l e .  

I n c r e a s i n g  t h e  b l ank  t h i c k n e s s ,  however, i s  n o t  a complete 
s o l u t i o n .  The mater ia l  i n  t h e  neighborhood of t h e  n e u t r a l  a x i s  
of t h e  cross s e c t i o n  i s  never  s t r a i n e d  above t h e  e l a s t i c  l i m i t  
because t h e  s t r a i n  a t  t h e  n e u t r a l  ax i s  i s  ze ro .  The e l a s t i c a l l y  
s t r a i n e d  p o r t i o n  of t h e  c r o s s  s e c t i o n  (shaded area i n  F i g .  1-2) 
where t h e  s t r a i n  i s  l e s s  t h a n  E w i l l ,  t h e r e f o r e ,  always con- 
t r i b u t e  t o  sp r ingback .  m ax 

I f  t h i s  e l a s t i c a l l y  s t r a i n e d  a r e a  i s  no t  p r e s e n t ;  i . e . ,  i f  
t h e  whole c r o s s  s e c t i o n  can be s t r a i n e d  above t h e  e l a s t i c  l i m i t ,  
a s u b s t a n t i a l  c o n t r i b u t i o n  t o  sp r ingback  can be e l i m i n a t e d .  The 
g e n e r a l  p r i n c i p l e  unde r ly ing  t h i s  approach is  t o  s h i f t  t h e  neu- 
t r a l  ax is  (where s t r a i n  i s  ze ro )  a s u f f i c i e n t  d i s t a n c e  above t h e  
s u r f a c e  of t h e  b l ank  so t h e  e n t i r e  b l ank  t h i c k n e s s  can be p l a s t i -  
c a l l y  deformed. Th i s  can be done i n  one of two ways -- by pro- 
v i d i n g  blank r e s t r a i n t  around t h e  p e r i m e t e r ,  o r  by u s i n g  an  i n -  
t e g r a l  blanket  (a Mar t in  p r o p r i e t a r y  p r o c e s s ) .  

I f  the b l ank  s t r e t c h e s  because of edge r e s t r a i n t ,  uniform 
t e n s i l e  s t ress  i s  superimposed a c r o s s  t h e  c r o s s  s e c t i o n  of t h e  
b l ank  (on t o p  of t h e  bending s t r e s s e s  shown i n  F i g .  1 - 2 ) .  Th i s  
r a i s e s  the n e u t r a l  a x i s  above t h e  s u r f a c e  of t h e  b l ank  as shown 
i n  F i g .  1-3. 

If the superimposed t e n s i l e  s t r e s s  due t o  s t r e t c h i n g  i s  l a r g e  
enough, i t  can ra i se  t h e  n e u t r a l  a x i s  of t h e  b l ank  enough t h a t  t h e  
s t r a i n  i s  w e l l  above t h e  e l a s t i c  l i m i t  throughout  t h e  e n t i r e  t h i c k -  
nes s  of the  b l ank .  The amount of s t r e t c h i n g  w i l l  i n c r e a s e  wi th  
t h e  depth of draw s o  t h a t  sp r ingback  w i l l  d e c r e a s e  w i t h  t h e  i n -  
c r e a s i n g  d r a w  dep th .  
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F i g .  1-3 Reduction of Springback due t o  E l a s t i c  S t r a i n  
by S h i f t  of N e u t r a l  Axis 

There  w i l l  always be a s m a l l  i r r e d u c i b l e  sp r ingback  caused by 
e l a s t i c  s t r a i n ,  r e g a r d l e s s  of t h e  t echn iques  used.  I f  t h e  i r r e -  
d u c i b l e  minimum i s  l a r g e r  t han  t h e  r e q u i r e d  Eolerances ,  t h e  d i e  
must be made t h a t  much deeper t o  compensate f o r  i t .  

Many a t t e m p t s  have been made t o  t h e o r e t i c a l l y  d e s c r i b e  t h e  
forming p rocess  t o  p e r m i t  the a c c u r a t e  p r e d i c t i o n  of sp r ingback  
f o r  a v a r i e t y  of materials and forming c o n d i t i o n s .  However, no 
a c c u r a t e  t h e o r e t i c a l  d e s c r i p t i o n  h a s  been d e v e l o p e d ' t o  permit t h e  
p r e d i c t i o n  of t h e  e l a s t i c  recovery  f o r  a g iven  formed shape.  
has been found t h a t  a completely e l a s t i c  r e s i d u a l  s t r e s s  state 
does occur  i n  s h e e t  bending, i n  c o n t r a s t  t o  t h e  c o n d i t i o n s  observed 
i n  most o t h e r  p l a s t i c  f low a n a l y s e s  (Ref 1). 

It 

Ta e s t i m a t e  spr ingback ,  one m u s t  know s e v e r a l  f a c t s :  

1) The r a d i u s  of simple o r  compound cu rve  t h a t  c o r r e -  
sponds t o  t h e  d e s i r e d  f i n a l  con tour ;  

2) The e lements  of t h e  c r o s s  s e c t i o n  of t h e  member i n -  
c l u d i n g  t h e  a rea ,  moment of i n e r t i a ,  and t h e  l o c a -  
t i o n  of t h e  n e u t r a l  a x i s ;  

3) The s t r e s s - s t r a i n  curve  of t h e  m a t e r i a l  f o r  t h e  tem- 
p e r a t u r e  of forming (Ref 2 ) .  
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I n  g e n e r a l ,  two t y p e s  of e q u a t i o n s  can be g e n e r a t e d  f o r  s p r i n g -  
back p r e d i c t i o n  -- a simple e q u a t i o n  g i v i n g  approximate answers 
f o r  a s p e c i f i c  shape and material  and an  e q u a t i o n  a p p l i c a b l e  t o  
a l l  shapes and amounts of forming.  G a r d i n e r  (Ref 3) developed 
t h e o r e t i c a l  cu rves  f o r  p r e d i c t i o r  and c o r r e c t i o n  of sp r ingback .  
Rather  s i g n i f i c a n t  d e v i a t i o n s  of e m p i r i c a l  d a t a  from t h e o r e t i c a l  
p r e d i c t i o n s  occur red  when g e n e r a l  forming c a s e s  were cons ide red .  

Empi r i ca l  r e s u l t s  i l l u s t r a t e  t h e  f a c t  t ha t  t h e  a c c u r a t e  p re -  
d i c t i o n  of sp r ingback  i s  v e r y  d i f f i c u l t  because of i n h e r e n t  v a r -  
i a t i o n s  i n  m e t a l  behav io r  and forming c o n d i t i o n s  f o r  any g iven  
p rocess  (Ref 4 ) .  Experience h a s  shown, however, t h a t  sp r ingback  
depends on a number of t h i n g s  (Ref 5 t h r u  8):  

1) Kind of ma te r i a l  formed; 

2) Temper of m a t e r i a l  formed; 

3) Sheet  t h i c k n e s s ;  

4 )  S i z e  of t h e  i n n e r  bend r a d i u s ;  

5) C lea rances  and al ignment  used;  

6) F r i c t i o n  between d i e  and p a r t ;  

7) P r e s s u r e  e x e r t e d  d u r i n g  forming;  

8) Contour of p a r t ;  

9) Forming parameters  used. 

S h a f f e r  and Ungzr (Ref 1) have e s t a b l i s h e d  t h e  s i g n i f i c a n t  
i n f luencc  of material  p r o p e r t i e s  on t h e  r e s u l t i n g  sp r ingback .  It 
h a s  been shown t h a t  less sp r ingback  occur s  w i t h  mater ia l s  of ower 
y i e l d  s t r e n g t h  t h a n  w i t h  m a t e r i a l s  of h i g h e r  y i e l d  s t r e n g t h .  Fo r  
t h e  same y i e l d  s t r e n g t h ,  a m a t e r i a l  p o s s e s s i n g  a h igh  modulus of 
e l a s t i c i t y  w i l l  p l a s t i c a l l y  deform t o  a g r e a t e r  e x t e n t  t h a n  a m a -  
t e r i a l  having a lower modulus of e l a s t i c i t y .  I f  t h e  r a t i o  of t h e  
s h e a r  modulus f o r  t h e  m a t e r i a l  t o  t h e  y i e l d  s t ress  i n  s h e a r  r e -  
mains cons t an t ,  t h e s e  parameters  can be v a r i e d  wi thou t  any change 
i n  sp r ingback .  Chapmz (Ref 5 ) ,  S t r a s s e r  (Ref 6 ) ,  and s e v e r a l  
o t h e r s  have v e r i f i e d  t h e  above o b s e r v a t i o n s .  Alexander (Ref 8) 
detcrmir.ed t h a t  moderate s t r e t c h i n g  of  t h e  ma te r i a l  i n  t h e  same 
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d i r e c t i o n  a s  t h a t  i n  which r e s i d u a l  stresses l i e  w i l l  reduce them 
t o  i n s i g n i f i c a n t  v a l u e s .  This  t echn ique  f o r  stress reduc t ion ,  
and t h u s  minimum springback,  i s  g e n e r a l l y  n o t  p o s s i b l e ,  however, 
s i n c e  stress systems a r i s i n g  from h e a t  t r e a t m e n t  and quenching 
u s u a i i y  r e s u i c  i n  compiex s c r e s s  sysrrems i n v o i v i n g  a i i  i i iree p ~ i i i -  
c i p a l  dimensions of t h e  s h e e t .  

S e v e r a l  papers  (Ref 4 ,  9,  and 10) have been d i r e c t e d  t o  t h e  
problem of compensating f o r  spr ingback.  I n  g e n e r a l ,  t h e  s t a n d -  
a r d  procedure i s  t o  overbend o r  r e s t r i k e  t h e  mater ia l  t o  minimize 
sp r ingback  by compensating f o r  e l a s t i c  meta l  movement. D i e  de- 
s i g n  h a s  a l s o  been found t o  be impor t an t ,  and c o n f i g u r a t i o n s  i n c o r -  
p o r a t i n g  en la rged  c a v i t i e s  and mod i f i ed  e n t r a n t  r a d i i  have been 
used t o  c o n t r o l  t h e  con tour  of t h e  f i n i s h e d  p a r t .  

I n  e x p l o s i v e  forming, s e v e r a l  a u t h o r s  have r e p o r t e d  reduced 
and sometimes n o n e x i s t e n t  spr ingback (Ref 11 t h r u  15 ) .  Beyer 
(Ref 14) i n d i c a t e s  t h a t  proper placement of t h e  e x p l o s i v e  charge 
h a s  l a r g e  i n f l u e n c e  on t h e  r e d u c t i o n  of spr ingback.  A p o s s i b l e  
e x p l a n a t i o n  f o r  t h e  r e d u c t i o n  i n  spr ingback when e x p l o s i v e  t e c h -  
n i q u e s  were used was posed by Wood e t  a l .  (Ref 16) where i t  w a s  
found t h a t  i n i t i a l  p r e s s u r e s  e x i s t e d  f o r  d i f f e r e n t  m a t e r i a l s  be- 
low which an i n c r e a s e  i n  spr ingback was observed. The p r e s s u r e s ,  
depending on t h e  m a t e r i a l  be ing  formed, were on t h e  o r d e r  of 40,000 
t o  50,000 p s i .  

Dynamic s t r e s s - s t r a i n  c o n d i t i o n s  are  produced d u r i n g  explo-  
s i v e  forming (Ref 17 ) .  The deformation i s  completed w i t h i n  100 
psec, of which t h e  e l a s t i c  phase p e r s i s t s  f o r  about 25 psec.  Dur- 
i n g  t h e  e l a s t i c  phase t h e  l i m i t  of p r o p o r t i o n a l i t y  f o r  some m a -  
t e r i a l s  can be extended t o  about two and one-half  t i m e s  i t s  nor- 
mal v a l u e .  According t o  S h e f f i e l d  U n i v e r s i t y  r e s e a r c h e r s  (Ref 
18), sp r ingback  d e c r e a s e s  as t h e  t e n s i o n  i n c r e a s e s .  The re fo re ,  
i t  i s  important  t o  maximize in-plane t e n s i l e  s t r a i n s  i n  t h e  m e t a l  
b l ank  d u r i n g  e x p l o s i v e  forming by p rope r  b l ank  r e s t r a i n t  and p l ace -  
ment of e x p l o s i v e  cha rge .  Die d e s i g n  becomes important  h e r e  s i n c e  
i t  h a s  been found by Henriksen (Ref 19) t h a t  s i g n i f i c a n t  r e s i d u a l  
stresses are p r e s e n t  d u r i n g  exp los ive  forming t h a t  a r e  maximized 
a t  r e g i o n s  where l a r g e  v a r i a t i o n s  of c u r v a t u r e  ex i s t ,  i . e . ,  f l a n g e s .  
Flange stresses of 8,000 t o  10,000 p s i  and 25,000 t o  30,000 p s i  
f o r  AIS1 1020 and 4335 s t e e l s ,  r e s p e c t i v e l y ,  have been measured. 

A s  d i s c u s s e d  above, it i s  impor t an t  t o  maximize t e n s i l e  p l a s -  
t i c  s t r a i n s  i n  a b l ank  du r ing  forming t o  minimize sp r ingback .  For  
sha l low shapes such a s  dome gore segments,  p l a s t i c  s t r a i n  due t o  

1-7 
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bending alone i s  small .  S t r e t c h i n g  m u s t  somehow be enhanced t o  
maximize p l a s t i c  deformation and reduce sp r ingback .  I n  t h i s  s tudy ,  
a technique f o r  p o s i t i v e  blank edge r e s t r a i n t  w a s  used i n  an e f -  
f o r t  t o  maximize t e n s i l e  s t r a i n s  by p r e t e n s i o n i n g  t h e  b l ank  be- 
f o r e  exp los ive  deformation,  and by comple t e ly  r e s t r a i n i n g  t h e  
edges,  t h u s  f o r c i n g  t h e  blank t o  s t r e t c h  as w e l l  as bend. A male 
d i e  form of double c u r v a t u r e  w a s  used t o  shape t h e  d e s i r e d  117 
s c a l e  Sa tu rn  V gore segments. 
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11, EXPERIMENTAL PROCEDURE 

A .  MATERIALS 

Ts m ~ r c  f u l l y  iindeistaiid t h e  e f f e c t s  oi p o s i t i v e  b lank  re- 
s t r a i n t  on t h e  response  of  a l l o y s  t o  e l a s t i c  r ecove ry ,  m e t a l s  
were s e l e c t e d  from t h r e e  d i f f e r e n t  c r y s t a l  l a t t i c e  systems f o r  
s tudy .  R e p r e s e n t a t i v e  a l l o y s  from t h e s e  systems were a s  fo l lows :  

1) Body c e n t e r e d  cubic  - 1020 low carbon s t e e l ;  

2) Hexagonal c l o s e  packed - Ti-6Al-4V; 

3) Face c e n t e r e d  cubic  - 2014, 2219, and 7039 aluminum. 

All of  t h e  a l l o y s  except  the  1020 low carbon s teel  o b t a i n  
t h e i r  maximum mechanical  p r o p e r t i e s  through thermal  t r e a t m e n t s .  
To permit  enhancement of p l a s t i c  deformat ion ,  a l l  b u t  one o f  t h e  
a l l o y s  were formed i n  t h e i r  lowest  s t r e n g t h  form. S ince  2219 
aluminum can be s t r a i n  hardened i n  a d d i t i o n  t o  age  hardening ,  
two d i f f e r e n t  tempers were s e l e c t e d  f o r  exp los ive  deformat ion .  
One temper ,  2219-0, was t h e  lowest  s t r e n g t h  form,  w h i l e  t h e  o t h e r  
temper,  2219-T31, was a form i n  which c o n t r o l l e d  s t r e t c h i n g  from 
1 t o  3% was accomplished a t  t h e  po in t  of manufacture .  It was 
hoped t h a t  by e x p l o s i v e l y  forming 2219-T31 one might ach ieve  
enough p l a s t i c  deformat ion  i n  t h e  me ta l  du r ing  forming t o  con- 
v e r t  t h e  a l l o y  t o  t h e  -T37 temper .  Thus, subsequent  h e a t  t r ea t -  
ment would e f f e c t  maximum des ign  p r o p e r t i e s  t o  t h e  a l l o y ,  i . e . ,  
22 19 -T87 . 

Table  11-1 l i s t s  p e r t i n e n t  i n fo rma t ion  r ega rd ing  each  a l l o y .  
The chemical  composi t ions  l i s t e d  i n  Table  11-2 are t h o s e  r e p o r t e d  
by t h e  s u p p l i e r ;  t h e  chemis t ry  of each a l l o y  was n o t  v e r i f i e d  by 
independent  a n a l y s i s .  However, as shown i n  Table  11-1, a l l  me-  
c h a n i c a l  p r o p e r t i e s  were v e r i f i e d  by tes t s  c o n d x t e d  a t  t h e  
Mar t in  Company. All of  t h e  a l l o y s  e x h i b i t e d  p r o p e r t i e s  s t i p u -  
l a t e d  by a p p l i c a b l e  s p e c i f i c a t i o n s  o r  manufac tu re r s '  c l a ims .  
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A 1  loy 

2014-0 (!>)$: 

2b14-0 ( T ) t  

2014-T62 (L) 

2014-T62 (T) 

2219-0 ( L )  

2219-0 (T)  

2219-T62 (L) 

2219-T62 (T) 

2219-T31 ( I . )  

2219-T31 (T) 

2219-T81 ( L )  

2219-T81 (T) 

7039-0 (L) 

7039-0 (T) 

7039-T61 ( L )  

7039-T61 (T) 

1020 ( L )  

1020 (T) 

Ti-6A1-4V (L) 

Ti-6Al-4V (T) 

Ti-6A1-4V (L) 

Ti-6A1-4V (T) 

HS 

tl 

17,100 

17,200 

61,800 

61,400 

21,600 

21 ,200 

54,000 

55,200 

52,900 

55,900 

62,300 - 

63,100 

53,100 

55,800 

59,100 

58,900 

45,500 

43,300 

138,200 

137 ,600 

169,500 

168,700 

0.2'-  O f f s e t  Yield 
S t r e n g t h  ( p s i )  

7,200 

6,900 

66 ,800 

65,900 

9,300 

8,900 

36,000 

37,100 

35,000 

31,500 

47,400 

47,600 

37,300 

32,400 

49,700 

49,200 

32,500 

29,800 

130,000 

128,600 

155,700 

155,200 

- Note: R e s u l t s  a r e  f o r  d u p l i c a t e  samples  i n  each  c o n d i t i o n .  

*L = L o n g i t u d i n a l  g r a i n  d i r e c t i o n .  

tT = T r a n s v e r s e  t o  g r a i n  d i r e c t i o n .  

+ H  = Heat t r e a t e d  (1650°F f o r  1 h r ;  a g e  a t  950°F f o r  4 h r ) .  

E l o n g d t i o n  ( X )  

30.2 

31 .O 

9.0 

9.3 

28.5 

27.8 

6.0 

6.0 

26.3 

21.2 

7.5 

7.0 

26.5 

21.2 

15.5 

16.0 

35.7 

3 7 . 2  

12.0 

12.5 

7.2 

8.1 
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The s t r a i n  hardening  exponents f o r  each  a l l o y  were e s t a b l i s h e d .  
Table  1 1 - 3  l i s t s  t h e  s t r a i n  hardening  exponents  a s  de te rmined  by 
t h e  expres s ion  

which assumes a l o g a r i t h m i c  s t r e s s - s t r a i n  r e l a t i o n ,  

where 

n = s t r a i n  hardening  exponent ,  

S1 = s t r e s s  i n  pounds p e r  squa re  i n c h ,  a t  Po in t  1 on t h e  
s t r e s s - s t r a i n  cu rve ,  

S2 = s t r e s s  i n  pounds per  squa re  i n c h ,  a t  Po in t  2 on t h e  
s t r e s s - s t r a i n  c u r v e ,  

c l  = p l a s t i c  s t r a i n  i n  inches  p e r  i n c h ,  co r re spond ing  

1’ 

t o  s 2 .  

t o  s 

= p l a s t i c  s t r a i n  i n  inches  per i n c h ,  cor responding  
€ 2  

Table 1 1 - 3  S t r a i n  Hardening Exponents f o r  Seve ra l  
D i f f e r e n t  A l l 0 1  

Mater i a l  

22 19 -T3 1 

1020 

2014-0 

2219 -0 

7039 -0 

Ti-6A1-4V 

1 
( i n .  I i n .  ) 

E 

0.0072 

0 .011 

0.0084 

0 .go84 

0 . 0 2  

0 .72  

“ 2  
( i n .  / i n  .) 

0.020 

0 .020 

0.0135 

0.016 

0 .18  

0.18 

s1 

( l b /  i n .  ) 
~ 

40 , 000 

44 , 000 

15,000 

15,000 

18,700 

132,000 

52 
2 

( l b l i n .  

42,000 

47,000 

17,500 

18,500 

34,300 

138,890 

n 

0.0478 

0.1130 

0.3180 

0.3230 

0.2760 

0.0222 
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Based on t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  t h e  maximum r e s t r a i n -  
i ng  f o r c e  t h a t  can  be wi ths tood  by a 2219-T31 b lank  i s  approx i -  
mate ly  13,000 l b / i n . ,  where F = a t  (a  = t e n s i l e  u l t i m a t e  s t r e n g t h  
i n  pounds p e r  squa re  inch and t = b lank  t h i c k n e s s  i n  i n c h e s ) .  
Thus, t h e  r e s t r a i n i n g  t o r c e  f o r  t h i s  a l l o y  and temper d i c t a t e s  
t h e  holddown boundary c o n d i t i o n s  f o r  t h e  forming d i e  s i n c e  t h e  
product  of a t  i s  a maximum f o r  a l l  t h e  m a t e r i a l s  and t h i c k n e s s e s  
t o  be  s t u d i e d .  

U n i a x i a l  t e s t i n g  was accomplished u s i n g  t h e  f i x t u r e s  shown 
i n  F i g .  111-1. For t h e  knur led  g r i p s ,  maximum loads  necessa ry  
t o  produce s l i p p a g e  were e s t a b l i s h e d  a long  w i t h  holddown p r e s -  
sures  r e q u i r e d  t o  r e s t r a i n  the specimens.  From t h e  d a t a  it was 
p o s s i b l e  t o  c a l c u l a t e  t h e  o v e r a l l  c o e f f i c i e n t s  of f r i c t i o n .  The 
groove r e c e s s  and o f f s e t  edge clamp concepts  were s t u d i e d  w i t h  
r e s p e c t  t o  p r e s s u r e s  r e q u i r e d  t o  seat  t h e  male clamp p o r t i o n  i n t o  
t h e  female  p o r t i o n ,  clamping f o r c e  n e c e s s a r y  t o  prevent  specimen 
s l i p p a g e ,  and maximum loads  a t  specimen f a i l u r e  or  a t  t h e  po in t  
of i n i t i a l  specimen s l i p p a g e .  Table 11-4 p r e s e n t s  t h e  r e s t r a i n t  
d a t a  o b t a i n e d  u s i n g  unsca led  t h i c k n e s s e s  of each  m a t e r i a l .  
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B. DIES AND HOLDDOWN CLAMPS 

A t  t h e  i n c e p t i o n  of t h i s  program, it was in t ended  t h a t  a 
female d i e  and s p e c i a l l y  designed clamps would be r e q u i r e d  t o  
comple te ly  r e s t r a i n  t h e  blank du r ing  e x p l o s i v e  forming. I n  a d d i -  
t i o n ,  groove recess and o f f s e t  groove concep t s  w e r e  s t u d i e d  i n  
an e f f o r t  t o  e s t a b l i s h  cri teria f o r  e f f e c t i v e l y  r e s t r a i n i n g  metal 

t o g e t h e r  w i t h  a s p e c i a l  C clamp des ign  and q u o t a t i o n s  had been 
r e c e i v e d  from p r o s p e c t i v e  c o n t r a c t o r s ,  i t  was obvious t h a t  con- 
t r a c t  funds  were n o t  s u f f i c i e n t  t o  permi t  t h e  f a b r i c a t i o n  of t h e  
n e c e s s a r y  t o o l i n g .  Technical i n t e r c h a n g e  between NASA and t h e  
Mar t in  Company l e d  t o  t h e  d e c i s i o n  t o  des ign  a male d i e  t h a t  
would have a l l  of t h e  e s s e n t i a l  f e a t u r e s  of complete edge re- 
. s t r a i n t  and would y i e l d  important forming d a t a  us ing  male t o o l -  
i n g  n o t  g e n e r a l l y  employed i n  high-energy p rocesses .  
t a n t  change i n  d e s i g n  t echn iques  i n c o r p o r a t e d  i n  t h e  male-d ie  
concept  w a s  t h e  u s e  of a d i g i t a l  computer program f o r  t h e  d e f i n i -  
t i o n  of  d i e  con tour  and d e t a i l .  

hlanks hy edge seating. After a fezL2le die had been designed 

One impor- 

F u r t h e r  a n a l y s i s  of manual clamping methods r e v e a l e d  t h a t  
s t a n d a r d  clamps cou ld  b e  ob ta ined  w i t h  a minimum l o a d  c a p a b i l i t y  
of  50,000 l b .  The clamps have s e v e r a l  d e s i r a b l e  f e a t u r e s :  

Minimum weight can  be achieved  through t h e  u s e  of 
h i g h - s t r e n g t h  s t e e l ;  

1) 

2) The fo rged  s t r u c t u r e  i n c r e a s e s  clamp i n t e g r i t y  when 
compared w i t h  c a s t  s t e e l  g e n e r a l l y  used;  

3) G r e a t e r  clamp toughness and d u c t i l i t y  pe rmi t s  t h e  
a p p l i c a t i o n  of bo th  clamping and b l a s t  l oads  wi thou t  
concern f o r  b r i t t l e  f r a c t u r e .  

With t h e  above in fo rma t ion ,  a male d i e ,  holddown b a r s ,  and 
C clamps were des igned  and f a b r i c a t e d  f o r  u s e  i n  e x p l o s i v e  de- 
format ion  of m e t a l  b l a n k s .  The d e t a i l s  of  t h e  des ign  and com- 
p u t e r  program used i n  t h e  study are p r e s e n t e d  i n  Chapter  111. 
F i g u r e  11-1 i l l u s t r a t e s  a t y p i c a l  C clamp and assembled holddown 
r i n g  used i n  forming. The p o r t i o n  v i s i b l e  i s  t h e  matching male 
form used i n  s e a t i n g  b lanks  i n  a female r e c e s s  groove on t h e  
p e r i p h e r y  of t h e  forming d i e .  F i g u r e  11-2 shows t h e  male form- 
i n g  d i e  and r e c e s s  groove. Vacuum man i fo ld ing  a l l o w s  evacua t ion  
of t h e  f o u r  c o r n e r s  of t h e  d i e  b e f o r e  m e t a l  deformat ion .  The d i e  
i s  e l e v a t e d  and has  web s t i f f e n e r s  on t h e  p e r i p h e r y .  Th i s  a l lows  
c l e a r a n c e  f o r  t h e  l a r g e  forged  C clamps needed f o r  b l ank  s e a t i n g  
and r e s t r a i n t .  
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Fig .  11-1 Typica l  I; Clamp and Assembled Holddown Bar 

Used i n  Explosive Forming 

F i g .  11-2 Male Forming D i e  Showing P e r i p h e r a l  Recess Groove 
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C. BLANK DETAILS AND CONTOUR TEMPLATES 

Severa l  b l ank  s i z e s  were s t u d i e d  f o r  t h e  v a r i o u s  materials 
used  i n  t h e  program. Genera l ly ,  t h e  optimum b lank  s ize  a l lowed 
s e a t i n g  of  t h e  b l ank  in t h e  p e r i p h e r a l  recess groove  w i t h  t h e  
rim of  t h e  b l a n k  a t  or s l i g h t l y  o u t s i d e  t h e  groove  c e n t e r l i n e  
when complete s e a t i n g  w a s  e f f e c t e d .  F i g u r e  11-3 i l l u s t r a t e s  op- 
~ L m m  blaiili dheiisioiis iiecessary to facilitate co~pletc seating 
and t o  permit a vacuum s e a l .  Note t h a t  t h e  b l ank  c o r n e r s  are 
rounded. This p reven t s  edge c r a c k s ,  sometimes formed d u r i n g  t h e  
s e a t i n g  o p e r a t i o n ,  f rom progress ing  i n t o  t h e  d i e  c a v i t y .  In 
a d d i t i o n  t o  co rne r  rounding, it i s  d e s i r a b l e  t o  c u t  generous  
no tches  a t  t h e  f o u r  co rne r s  of t h e  b lank  t o  prevent  f o l d i n g  of 
m e t a l  du r ing  t h e  s e a t i n g  sequence. 
f o r c e s  d u r i n g  b l ank  deformat ion  i n t o  t h e  groove  o f t e n  l e a d  t o  
c r a c k s  t h a t  make evacuat ion  of  t h e  r e g i o n  under t h e  s e a t e d  b l ank  
d i f f i c u l t  . 

Folds  formed from compression 

The major t e c h n i c a l  o b j e c t i v e  of t h e  program w a s  t h e  reduc-  
t i o n  of metal sp r ingback  us ing  p o s i t i v e  edge restraint .  There- 
f o r e ,  s u i t a b l e  methods of  measuring b lank  con tour  d e v i a t i o n s  
w e r e  r e q u i r e d .  Female shee t -meta l  t e m p l a t e s  were f a b r i c a t e d  
u s i n g  computer-generated d a t a  f o r  con tour  d e f i n i t i o n .  
11-4 and 11-5 show t h e  t empla t e s  used throughout  t h e  program. 
Measurements of t h e  machined d i e  s u r f a c e  r e v e a l e d  con tour  dev ia -  
t i o n s  from t h e  computer-defined t e m p l a t e s .  Thus, it was neces-  
s a r y  t o  measure contour  d i f f e r e n c e s  between t h e  t e m p l a t e s  and 
t h e  machined-die s u r f a c e  t o  deve lop  a c o r r e c t i o n  p r o f i l e .  I n  
all subsequent contour measurements, t h e r e f o r e ,  s u i t a b l e  c o r r e c -  
t i o n s  were used t o  compensate f o r  d i e  d e v i a t i o n s .  A balanced  
t empla t e  t echn ique  w a s  used t o  make measurements i n  which t h e  
c e n t e r  of the t empla t e  r e s t e d  on t h e  apex  of t h e  p a r t ,  and e q u a l  
edge d i s t a n c e s  w e r e  main ta ined  from t h e  t e m p l a t e  c o r n e r s  t o  t h e  
formed p a r t .  
f e e l e r  gages .  

F i g u r e s  

Contour d e v i a t i o n s  were ob ta ined  by u s i n g  w i r e  

i 
11-9 
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D. FORMING PROCEDURE 

The e x p l o s i v e  forming of p a r t s  over a male forming d i e  i n -  
v o l v e s  e i g h t  s t e p s :  

Blank and holddown b a r  a l ignment ;  

R1,-1, n m - i - 4 n -  - 
Y * C I L , R  JL-U L *'*6, 

Charge i n s t a l l a t i o n ;  

Explos ive  forming ; 

Contour measurements; 

Disassembly ; 

Heat t r e a t m e n t  (when r e q u i r e d ) ;  

In -p rocess  contour measurements. 

The b lank  and holddown bar a l ignment  i s  ex t remely  impor tan t  
t o  s u c c e s s f u l  b lank  s e a t i n g  and subsequent vacuum s e a l i n g .  S ince  
t h e  b lank  l i t e r a l l y  ba lances  on t h e  t o p  d i e  s u r f a c e ,  i t  i s  neces-  
s a r y  t h a t  two people perform t h e  alignment d e t a i l s .  F i g u r e  11-6 
shows t h e  d i e  and clamping components b e f o r e  a l ignmen t .  Once t h e  
b lank  i s  p o s i t i o n e d  over t h e  c e n t e r  of t h e  d i e  w i t h  t h e  b l ank  
edges d i r e c t l y  over  t h e  p e r i p h e r a l  r e c e s s  groove ,  t h e  holddown 
ba r  i s  lowered by c rane  over t h e  b lank  and i s  placed p r e c i s e l y  
over  t h e  r e c e s s  groove. A wire rope and tu rnbuck le  a r e  g e n e r a l l y  
used t o  hold t h e  segmented clamping b a r  t o g e t h e r  d u r i n g  a l ignment  
and subsequent clamping. F igure  1 1 - 7  shows t h e  balanced b l ank  
w i t h  t h e  holddown bar  p rope r ly  a l i g n e d .  

A f t e r  t h e  a l ignment  procedures a r e  completed,  t h e  C clamps 
are  p o s i t i o n e d  a t  t h e  ends of each  s i d e ,  and clamping p r e s s u r e  
i s  a p p l i e d  t o  begin  deformat ion  of t h e  b lank  i n t o  t h e  groove. 
Torque i s  a p p l i e d  s y s t e m i c a l l y ,  moving c lockwise  around t h e  d i e  
u n t i l  t h e  b lank  m a t e r i a l  i s  abou t  50% i n t o  t h e  r e c e s s  groove. 
The remaining C clamps a r e  p o s i t i o n e d  and t i g h t e n e d  i n  sequence 
u n t i l  e q u a l  f o r c e  has been a p p l i e d  t o  a l l  clamps. 
s u r e  i s  t h e n  i n c r e a s e d ,  u s ing  t h e  c lockwise  sequence ,  u n t i l  l i t t l e  
clamp screw movement can be accomplished w i t h  an a i r - d r i v e n  im-  
pac t  wrench. 

Clamping pres- 

The remaining clamping f o r c e  i s  a p p l i e d  manually 

11-11 
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F i g .  11-6 Die and Clamping Components before Blank Alignment 

Fig. 11-7 Blank and Holddown Bar Alignment 
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u s i n g  a c a l i b r a t e d  to rque  wrench. 
b o l t  i s  a p p l i e d  to each  clamp. T h i s  r e s u l t ;  i n  d s e a t i n g  f o r c e  
of 6850 l b / i n . *  The s e a t i n g  o p e r a t i o n  t a k e s  from 15 t o  LO minutes 
t o  complete.  F i g u r e  11-8 shows a t y p i c a l  s e a t i n g  operation Gs:rcg 
thcr n i r - d y j l r p n  irn;lar t wyenqh- 

X mJximum t o r q u e  of 450 f t - l b /  

A f t e r  t h e  b lank  has  been s e a t e d ,  t h e  explosi l re  cha rge  i s  
a t t a c h e d  t o  s u i t a b l e  waterproofed  cardboard  s t a 2 d a f f  t u b e s .  W i r l a  
t h e  t h i n n e r  s h e e t s ,  a c e n t r a i  cha rge  was found most e f f e c t i v e  
w h i l e  t h e  t h i c k e r  materials seemed t o  respond b e t t e r  t o  a primii- 
co rd  r i n g  cha rge .  The two types  of charge  placements a r e  shown 
in Fig .  11-9 and 11-10. 

Once t h e  charges  have been p laced  and e l e c t r i c  b l a s t i n g  caps 
a t t a c h e d ,  t h e  d i e  i s  lowered i n t o  a 7- f t -d i ame te r  pool ,  and ex-  
p l o s i v e  d e t o n a t i o n  i s  e f f e c t e d .  
t h e  pool w i t h  t h e  formed p a r t .  
i n g  from t h e  pool a f t e r  forming. 

The d i e  i s  t h e n  removed from 
F igure  11-11 shows t h e  die emerg- 

Before t h e  formed p a r t  is removed from t h e  d i e ,  t empla t e  m e a s -  
urements are made t o  e s t a b l i s h  any appa ren t  con tour  d e v i a t i o n s .  
The clamps are  t h e n  removed and t h e  p a r t  i s  removed from t h e  d i e .  
Contour measurements are made on t h e  formed p a r t  a f t e r  removal 
f rom t h e  d i e ,  a f t e r  h e a t  t r e a t m e n t ,  and a f t e r  tr imming. 

*It was n e c e s s a r y  t o  use two shims on each  s i d e  of t h e  d i e  

Misalignment caused by holddown ba r  rock ing  
d u r i n g  t h e  f i n a l  s t a g e s  of blank s e a t i n g  t o  prevent  t h e  holddown 
b a r  from rock ing .  
p reven t s  edge sealing and necessary  d i e  evacua t ion .  
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Fig. 11-11 Die Assembly Emerging from 7-ft-Diameter Forming Pool 
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E .  HEAT TREATMENT 

Although a l l  of t h e  a l l o y s  used i n  t h i s  program were formed 
i n  t h e  s o f t e s t  c o n d i t i o n ,  i . e . ,  annea led  o r  normal ized ,  s e v e r a l  
of t h e  a l l o y s  r e q u i r e  thermal  t r ea tmen t  a f t e r  forming t o  a c h i e v e  
maximum des ign  p r o p e r t i e s .  There was n e i t h e r  t i m e  nor  money 
a v a i l a b l e  dur ing  t h i s  program t o  op t imize  hea t - t r ea tmen t  c y c l e s  
f o r  e x p l o s i v e l y  deformed m a t e r i a l ,  However, maximum u s e  of p re -  
v i o u s  exper ience  and knowledge pe rmi t t ed  t h e  s e l e c t i o n  of h e a t -  
t r e a t i n g  c o n d i t i o n s  t h a t  y i e l d e d  m a t e r i a l  p r o p e r t i e s  above s p e c i -  
f i c a t i o n  minimums a f t e r  forming.  Table  11-5 p r e s e n t s  t h e  h e a t -  
t r e a t i n g  c y c l e s  recommended f o r  each a l l o y  and t h e  thermal  t r e a t -  
ments used a f t e r  forming.  A l l  of t h e  a l l o y s  except  Ti-6A1-4V 
were h e a t  t r e a t e d  i n  a i r  us ing  a n  e l e c t r i c a l l y  hea ted  f u r n a c e  
shown i n  Fig.  11-12 .  Temperature c o n t r o l  was main ta ined  a t  +lO°F 
up t o  1000°F and +20"F from 1000 t o  1700°F. The Ti-6A1-4V com- 
ponents  a r e  h e a t  t r e a t e d  i n  an  i n e r t  atmosphere of  argon.  

F i g .  11-12  Heat -Trea t ing  Furnace Used t o  Process 
Explos ive ly  Formed Componen'ts 
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a 

111. TEST RESULTS AND DISCUSSION 

A .  PHASE I 

The t e c h n i c a l  e f f o r t  i n  Phase I c o n s i s t e d  of s e v e r a l  s e p a r a t e  
s t u d i e s  to;  

1 )  Develop n e c e s s a r y  des ign  c r i t e r i a  f o r  a female and a 
male forming d i e ;  

2 )  Provide d a t a  to  e s t a b l i s h  optimum clamping t e c h -  
n ique  s ; 

3 )  Develop computerized methods f o r  the d e f i n i t i o n  of 
d i e  con tour ;  

4 )  F a b r i c a t e  a male explos ive- forming  d i e .  

The accompl ishnents  under each segment of  Phase I f o l l o w .  

1. Development of R e s t r a i n t  Techniques 

The r e d u c t i o n  of  springback f o r  h i g h - s t r e n g t h  a l l o y s  depends 
l a r g e l y  on t h e  amount of  p l a s t i c  deformat ion  induced i n  the  p a r t  
d u r i n g  e x p l o s i v e  forming .  I n  the f a b r i c a t i o n  of sha l low gore 
shapes  , one i s  n o t  concerned about e x c e s s i v e  s t r e t c h i n g .  There-  
f o r e ,  t echniques  t h a t  permi t  compiete r e s t r a i n t  of the pe r iphe ry  
o f  the b lank  can be cons idered  s i n c e  maximized metal  s t r e t c h i n g  
i s  d e s i r e d .  I n  t h i s  program th ree  concepts  were e v a l u a t e d  -- a 
knur l ed ,  f l a t  g r i p ,  a groove r e c e s s ,  and an o f f s e t  edge clamp. 
To permi t  t h e  development of s u i t a b l e  c r i t e r i a  f o r  d i e  d e s i g n ,  
f i x t u r e s  of each type were f a b r i c a t e d  from h e a t  t r e a t e d  4130 
a l l o y  s t ee l .  The f i x t u r e s  were then  used f o r  u n i a x i a l  mechanical 
t e s t i n g  t o  e s t a b l i s h  s e a t i n g  loads and s l i p p a g e  l o a d s .  F igu re  
111-1 i l l u s t r a t e s  t h e  t es t  f i x t u r e s .  The philosophy behind t h e  
s e l e c t i o n  of the t h r e e  concepts i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  
pa rag raphs .  

Knurled F l a t  G r i p  - Figure  111-2 d e p i c t s  a concept  u t i l i z i n g  
knur led  g r i p p i n g  s u r f a c e s .  Under  optimum c o n d i t i o n s ,  the  knur l ed  
clamping device  w i l l ,  by v i r t u e  of  f r i c t i o n a l  f o r c e s ,  comple te ly  
r e s i s t  t h e  t e n s i o n  f o r c e  developed i n  the  b l ank  d u r i n g  the forming 
o p e r a t i o n .  Thus F = C P, where F = b lank  t e n s i o n  f o r c e  p e r  i nch  

f 

111-1 
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of  b l a n k  pe r ime te r  , Cf = c o e f f i c i e n t  of  f r i c t i o n ,  and P = p r e s -  

s u r e  f o r c e  per  i n c h  of  b lank  p e r i m e t e r .  The c o e f f i c i e n t  of  f r i c -  
t i o n  r e s u l t i n g  from a knurled s u r f a c e  i s  dependent on many 
d i f f e r e n t  v a r i a b l e s .  The most impor t an t  v a r i a b l e s  a r e :  (1) 
clamping f o r c e ;  (2) b l ank  s t r e n g t h  and ha rdness ;  (3)  draw r i n g  
and d i e  p l a t e  hardness ;  and (4) k n u r l  p r o f i l e  geometry. With Cf 

a f u n c t i o n  o f  so many v a r i a b l e s ,  s p e c i f i c  v a l u e s  can  o n l y  be ob- 
t a i n e d  e x p e r i m e n t a l l y .  

Knurls have a dec ided  in f luence  on the  a b i l i t y  of a b l ank  t o  
w i t h s t a n d  t e n s i o n  f o r c e s .  A uniform c r o s s - s e c t i o n a l  stress i s  
produced throughout  t h e  blank d u r i n g  deformat ion  excep t  a t  t h e  
k n u r l  edges .  Here p o i n t s  of s t ress  c o n c e n t r a t i o n  may e f f e c t i v e l y  
reduce  t h e  c r o s s  - s e c t i o n  and subsequen t ly  cause  t e a r i n g  o r  f r a c -  
t u r e  of the  b l ank .  Empir ica l  d a t a  a r e  r e q u i r e d  t o  e s t a b l i s h  
boundary c o n d i t i o n s  f o r  an optimum knur l ed  clamp. 

Groove Recess G r i p  - The groove r e c e s s  concept  t a k e s  advantage 
of  bo th  f r i c t i o n a l  f o r c e s  and changes i n  c u r v a t u r e  t o  e f f e c t  p o s i -  
tive r e s t r a i n t .  F i g u r e  111-3a i l l u s t r a t e s  the p r i n c i p a l  employed. 
F r i c t i o n a l  r e s i s t a n c e  t o  t h e  motion of a b lank  over  a curved s u r -  
f a c e  can  be v i s u a l i z e d  as i n  F i g u r e  111-3b. The f o r c e ,  Fly ap-  

p l i e d  a t  one end of  a curved segment of r a d i u s ,  R ,  i s  r e s i s t e d  by 
the r e a c t i o n  f o r c e ,  F2, t h e  developed s u r f a c e ,  

t i o n a l  f o r c e  , 
and t h e  f r i c -  

. The p r e s s u r e ,  P, which v a r i e s  w i t h  t h e  a n g l e ,  
'n' 

'n 
'p, and t h e  f r i c t i o n a l  f o r c e ,  q ,  can  be expres sed  by 

and 

- F1 cf q = CfPn - - 
R ( l  + CfT) 

The summation of f o r c e s  over  t h e  e n t i r e  a n g l e  g i v e s  
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D i e  C a v i t y  
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Fig.  111-2 Knurled G r i p  P r i n c i p l e  

I P  4 ( l b / i n .  of  w id t  

D r a w  Ring 

F 
F l a t  Blank A 

D i e  
C a v i t y  

D i e  P l a t e  

b .  Force Diagram 

a.  Blank R e s t r a i n t  

F i g ,  111-3 Groove Recess Concept 
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The changes i n  r a d i u s  of c u r v a t u r e  d e p i c t e d  by p o i n t s  A ,  B,  
C, and D, i n t r o d u c e  a n o t h e r  component of  f r i c t i o n  i n  F i g .  111-3. 
I f  a n  element of  t h e  b l ank  is s u b j e c t e d  t o  a bending moment, M, 
t o  produce f l a t t e n i n g ,  and i f  t h e  bending moment were e n t i r e l y  
e l a s t i c  i n  n a t u r e ,  t h e  moment can  be expres sed  by 

where E = modulus of  e l a s t i c i t y ,  h = material t h i c k n e s s ,  and 
R = r a d i u s  of c u r v a t u r e .  I f  R i s  kep t  s m a l l  (about  4h) ,  p l a s t i c  
deformat ion  would r e s u l t  t o  aid i n  s e a t i n g  t h e  b l ank  i n  the  
groove.  It  is  known t h a t  i f  R < 4h, c u t t i n g  of the  b lank  occur s  
as the meta l  i s  fo rced  into the groove.  

O f f s e t  Edge C l a m p  - A v a r i a t i o n  of the  r e c e s s  groove concept  
i s  shown i n  F i g .  111-4. A wedge is f o r c e d  i n t o  a r e c e s s  de- 
forming the  b l ank  and c r e a t i n g  p r e s s u r e  a g a i n s t  the  d i e  p l a t e  t o  
res t r ic t  b l a n k  movement. 

AT P 

D i e  P l a t e  

(Clamping P r e s s u r e )  

F ig .  111-4 O f f s e t  Edge Clamp 
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From Table 11-4 i t  i s  r e a d i l y  a p p a r e n t  t h a t  t h e  edge c l a m p  
r e s  t r a i n i n g  device y i e l d s ,  i n  g e n e r a l ,  the  lowes t  s e a t i n g  l o a d s ,  
l o w t  s t  holddown l o a d s  and maximum c a l c u l a t e d  c o e f f i c i e n t  o f  f r i c -  
t i o n  f o r  a l l  a l l o y s .  F i g u r e s  111-5 t h r u  1 1 1 - 7  i l l u s t r a t e  a 
t y p i c a l  s e a t i n s  o p e r a t i o n ,  wh i l e  F i g .  111-8 d e p i c t s  a t e s t  s e t u p  
ks;in; the edge clamp f i x t u r e .  

2 .  Die Drsign and F a b r i c a t i o n  - 
Based o n  t h e  c r i t e r i a  e s t a b l i s h e d  abcve,  a female d i e  w a s  

des igned  u s i ~ g  a n  edge clamp res t r a i n i n ,  c o n c e p t .  A p l a n  view 
c .  t'. c female d i e  concep t  i s  shown i n  Fio,. 111-9. Although the  
t ' . e c r e t i c a l  s tudy  had shown t h e  most uniform s t r a i n s  r e s u l t  from 
t i c  u s e  of a shal low e l l i p s o i d a l  d i e  r a t h e r  than a r e v e r s e  s u r -  
f a c e  (rrale) d i e ,  c o n s i d e r a t i o n s  of b l ank  s i z e s ,  d i e  c o s t s ,  
m a t e r i a l  wastage,  and hand l ing ,  as w e l l  as l a c k  of d a t a  us ing  
male forming d i e s  l e d  t o  a r e d e s i g n  e f f o r t  i n  which a male form- 
ing  d i e  was designed and f a b r i c a t e d .  The d i e ,  a f t e r  f a b r i c a t i o n ,  
i s  shown i n  F i g .  11-2. The double  c u r v a t u r e  s u r f a c e  o f  t h e  d i e  
was de f ined  u s i n g  a 7094 d i g i t a l  program computer method. Die 
t empla t e s  were d e f i n e d  i n  t h e  same manner. 

O r i g i n a l l y  p r o j e c t e d  s e a t i n g  and holddown l o a d s  suggested 
t h a t  loads ove r  100,000 lb/clamp might be r e q u i r e d .  The re fo re  
s p e c i a l  clamps were designed t o . w i t h s t a n d  t h e s e  l o a d s .  However, 
a f t e r  complete d a t a  were developed and t h e  male d i e  concept  
d e f i n e d ,  i t  was found t h a t  50,000-lb clamping l o a d s  would be 
a d e q u a t e .  
a s s u r e d  maximum clamp i n t e g r i t y .  Ac tua l  t e s t i n g  i n  our  l a b o r a -  
t o r y  a l so  confirmed the  s e r v i c e a b i l i t y  o f  t h e  clamps by y i e l d i n g  
maximum loads near 60,000 l b .  The clamp screw r a t h e r  t han  t h e  
frame proved t o  be t h e  l i m i t i n g  f a c t o r  due t o  columnar f a i l u r e .  

Nondes t ruc t ive  t e s t i n g  o f  each clamp by the  vendor 

Thus t h e  Phase I t e c h n i c a l  e f f o r t  y i e l d e d  adequa te  d e s i g n  
c r i t e r i a  whereby a s e r v i c e a b l e  d i e ,  clamping r i n g s ,  and holddown 
clamps were des igned  and f a b r i c a t e d .  The t o o l s  des igned  under  
t h i s  program have m e t  a l l  o f  t h e  r e q u i r e d  l o a d s  n e c e s s a r y  t o  e f -  
f e c t  blank s e a t i n g  and subsequent  b l a s t  l o a d s  d u r i n g  e x p l o s i v e  
forming. 
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Fig.  111-5 Holding Blanks and Test Specimen be fo re  Sea t ing  i n  Edge Clamp 
F i x t u r e  

Fig.  111-6 S e a t i n g  2219-0 Aluminum in  Edge Clamp F i x t u r e  

F ig .  111-7 F u l l y  Sea ted  2219-0 Aluminum T e s t  Specimen i n  Edge Clamp 
F i x t u r e  
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Fig.  111-8 Tes t  Setup f o r  Blank R e s t r a i n t  
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B .  PHASE I1 

1. 2014 Aluminum Sheet  

Annealed 2014 aluminum sheet, 0.125-in.  t h i c k  w a s  s e l e c t e d  
f o r  e x p l o s i v e  forming s t u d i e s .  Blanks o f  t h e  shape and dimensions 
shown i n  F i g .  11-3 were used. S e a t i n g  o f  t h e  b lank  i n  t h e  pe r iph -  
e r a l  groove w a s  accomplished lising +_he proced-xe  d e s c r i b e d  pre- 
v i o u s l y .  No d i f f i c u l t i e s  were encountered  d u r i n g  t h e  o p e r a t i o n  
excep t  tha t  evacua t ion  of the d i e  c o r n e r s  w a s  d i f f i c u l t  i f  i n s u f -  
f i c i e n t  s e a t i n g  p r e s s u r e  w a s  used. I n  g e n e r a l ,  b o l t  t o rque  o f  
450 f t - l b ,  r e s u l t i n g  i n  clamping f o r c e  of  6850 l b f i n . ,  was s u f f i -  
c i e n t  t o  prevent  a i r  l eakage  i n t o  t h e  d i e  c a v i t y .  Bo l t  t o rque  o f  
35') t o  400 Et - lb  could  be used i f  z i n c  chromate p a s t e  was placed 
a t  t h e  pe r iphe ry  of  t h e  r e c e s s  groove on t h e  s i d e  n e a r e s t  t h e  d i e  
c a v i t y .  Since low torque va lues  a r e  d e s i r a b l e  t o  p e r m i t  minimum 
f u l l - s c a l e  clamping p r e s s u r e s ,  t h e  use  o f  z i n c  chromate s e a l e r  
was d e s i r a b l e  f o r  a l l  forming o p e r a t i o n s .  I n s t a l l e d  vacuum s e a l e r  
m a t e r i a l  i s  shown i n  Fig.  111-10. Experiments showed t h a t  a 48% 
n i t r o g l y c e r i n e  e q u i v a l e n t  dynamite (Cyadyn 3 )  c e n t r a l l y  placed 6 
i n .  above t h e  b l ank  s u r f a c e  y i e lded  e x c e l l e n t  r e s u l t s .  A t y p i c a l  
part a E t e r  e x p l o s i v e  Eorming w i t h  a n  e x p l o s i v e  cha rge  o €  1000 
g r a i n s  of  Cyadyn 3 i s  shown i n  Fig.  111-11. Note t h e  e x c e l l e n t  
d e f i n i t i o n  of  d i e  con tour  obtained.  The Eorrning was accomplished 
i n  a 7-Et-diameter pool w i t h  about  6 E t  of  wa te r  head over  t h e  
d i e .  A s i n g l e  forming s h o t  e f f e c t e d  s a t i s f a c t o r y  draw i n t o  t h e  
d i e  c o r n e r s .  

Mechanical P r o p e r t i e s  - The p r o p e r t i e s  of the m a t e r i a l  used 
f o r  forming averaged 17,200-psi  u l t i m a t e  t e n s i l e  s t r e n g t h ,  7,100- 
p s i  t e n s i l e  y i e l d - s t r e n g t h ,  and 30.6% e l o n g a t i o n  i n  a 2 - i n .  sec- 
t i o n .  H e a t - t r e a t e d  p r o p e r t i e s  u s i n g  t h e  thermal  c y c l e s  shown i n  
Table 11-4 were 66,800-psi u l t i m a t e  t e n s i l e  s t r e n g t h ,  61,800-psi  
t e n s i l e  y i e l d  s t r e n g t h ,  and 9% e l o n g a t i o n .  

A f t e r  e x p l o s i v e  forming, t h e  annea led  p r o p e r t i e s  were s i g n i -  
f i c a n t l y  improved, e s p e c i a l l y  i n  t h e  c e n t r a l  p o r t i o n  of t h e  b lank  
where s i g n i f i c a n t  e x p l o s i v e  hardening  occurred .  P r o p e r t i e s  n e a r  
t h e  t r i m  l i n e  of  t h e  p a r t  were l i t t l e  a f f e c t e d  by t h e  e x p l o s i v e  
forming p rocess .  Average t e n s i l e  v a l u e s  f o r  as-formed 2014-0 
aluminum a r e  as follows: 
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Fig. 111-10 Blank Vacuum Sealing with Zinc Chromate Tape 

Fig. 111-11 Typical 0.125-in.-Thick 2014-0 Aluminum 
Part Explosively Formed on Male Die 
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Blank GenLer Blank Edge 

Ul t imate  S t r e n g t h  ( p s i )  17,300 18,500 

0 . 2 %  O f f s e t  Y ie ld  S t r e n g t h  ( p s i )  16,300 9,900 

E longa t ion  i n  2 i n .  (a )  28 -0  12 -0 

S o l u t i o n  h e a t - t r e a t m e n t  of t h e  formed b lank  specimens w i t h  
subsequent  a r t i f i c i a l  ag ing  a t  350 i- - 10°F f o r  8 h r  r e s u l t e d  i n  
m a t e r i a l  having p r o p e r t i e s  above l i s t e d  s p e c i f i c a t i o n  p r o p e r t i e s .  
Thf?se r e s u l t s  w e r e  e n t i r e l y  expected s i n c e  s o l u t i o n  t r ea tmen t  of 
t h e  2014 a l l o y  removes s t r u c t u r a l  2 f f e c t s  induced by t h e  exp lo -  
s i v e  de fo rma t ion .  Proper  s o l u t i o n  h e a t  t r ea tmen t ,  t h e r e f o r e ,  
r e s u l t s  i n  f u l l  a l l o y  response .  P r o p e r t i e s  of  f u l l y  h e a t  t r e a t e d  
m a t e r i a l  a f t e r  e x p l o s i v e  deformation were a s  fo l lows:  

Blank Center  Blank Edge 

U l t i m a t e  T e n s i l e  S t r e n g t h  ( p s i )  67,600 66,900 

0.2% O f f s e t  Y i e l d  S t r e n g t h  ( p s i )  63,200 63 , 100 

E longa t ion  i n  2 i n .  (%) 8 .O 8 -0 

It is p o s s i b l e  t h a t  improved p r o p e r t i e s  a f t e r  forming might 
be ob ta ined  by e x p l o s i v e l y  forming material  immediately a f t e r  
s o l u t i o n  h e a t  t r ea tmen t ;  however, t h i s  l i n e  o f  i n v e s t i g a t i o n  w a s  
n o t  pursued .  

Blank S t r e t c h i n g  - O f  i n t e r e s t  i n  t h e  e x p l o s i v e  forming of  
gore  segment p a r t s  i s  t h e  product ion  of  uniform s t r e t c h i n g  ove r  
t h e  b lank  s u r f a c e .  Blank s t r e t c h i n g  i s  r e l a t i v e l y  uniform u s i n g  
t h e  optimum c e n t r a l l y  pos i t i oned  exp los ive  cha rge  u n t i l  t h e  sec-  
t i o n s  o f  t he  b lank  nea r  t he  d ie  c o r n e r s  are reached .  Here t h e  
s t r a i n s  become q u i t e  s i g n i f i c a n t  and i n  some cases approach the  
u l t i m a t e  e l o n g a t i o n  f o r  the  a l l o y .  I n  f a c t ,  t w o  b lanks  f a i l e d  
o u t s i d e  of  t he  t r i m  l i n e  i n  the h i g h l y  s t r e t c h e d  b lank  c o r n e r s .  
F i g u r e  111-12 shows t y p i c a l  s t r a i n  d i s t r i b u t i o n  f o r  e x p l o s i v e l y  
formed 2014-0 aluminum. Although h igh  s t r a i n s  produced from ex-  
c e s s i v e  s t r e t c h i n g  cannot  be  avoided,  f u l l  h e a t  t r ea tmen t  o f  t he  
a l l o y  a f t e r  forming pe rmi t s  f u l l  r ecover  of  a l l o y  p r o p e r t i e s .  
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Metal Springback - One of t h e  prime o b j e c t i v e s  of t h e  c o n t r a c t  
w a s  the  minimiza t ion  of spr ingback  u s i n g  t h e  p o s i t i v e  edge re-  
s t r a i n t  t echnique  developed. Th i s  o b j e c t i v e  has  been met f o r  as- 
formed m a t e r i a l .  A s  shown i n  F i g .  111-13, the  maximum sp r ingback  
o b t a i n e d  a f t e r  exp los ive  f n r m i n s  WAG 0.007-in. This wniild r e s n l t  
i n  a maximum spr ingback  on  a f u l l  scale component of on ly  0.049 
i n .  Thus the  b e n e f i t  of p o s i t i v e  edge r e s t r a i n t  i s  obv ious .  The 
subsequent  s o l u t i o n  t r ea tmen t  and ag ing  of the  deformed a l l o y  
d e s t r o y s  the b e n e f i t s  der ived  from e x p l o s i v e  p r o c e s s i n g .  Tiere- 
f o r e ,  f o r  the b e s t  r e s u l t s  i n  the forming o f  2014 aluminum, i t  
i s  sugges ted  t h a t  f r e s h l y  quenched material be formed t o  permi t  
subsequent  ag ing  w i t h  a minimum of b l ank  d i s t o r t i o n .  F i g u r e  
111-13 i l l u s t r a t e s  t h e  s e r i o u s  d i s t o r t i o n  o f  t h e  p rev ious ly  un- 
d i s t o r t e d  component caused by the  thermal  p rocess ing .  

2 2219-0 Aluminum P l a t e  

The p r o p e r t i e s  of 2219-0 aluminum p l a t e  a r e  s imilar  t o  those  
f o r  annea led  2014 aluminum. However, the  w o r k a b i l i t y  of the a l l o y  
i s  s l i g h t l y  less  than  t h a t  of 2014. C e n t r a l l y  p laced  cha rges  of 
Cyadyn 3 dynamite d id  n o t  s u f f i c i e n t l y  form the b l a n k .  Larger  
cha rges  cou ld  n o t  be used a t  t h e  e x i s t i n g  f a c i l i t y ,  t h e r e f o r e ,  
exper iments  were conducted u s i n g  2-f t -d i ame te r  c o i l s  of 100 g r a i n /  
f t  primacord a t  a s t a n d o f f  d i s t a n c e  of 2 i n .  A t o t a l  of 1200 
g r a i n s  of  PETN charge  r e s u l t e d  i n  good meta l  deformat ion .  Because 
of t h e  g r e a t e r  s t i f f n e s s  of t h e  0 . 2 5 0 - i n . - t h i c k  2219-0, i t  w a s  
p o s s i b l e  t o  o b t a i n  b l ank  s e a t i n g  and vacuum s e a l i n g  w i t h  300 f t -  
l b  of t o r q u e  (5140 l b / i n . ) .  No s p e c i f i c  problems were encountered  
d u r i n g  t h e  s e a t i n g ,  forming o r  d isassembly  procedures .  

Mechanical P r o p e r t i e s  - The mechanical p r o p e r t i e s  of 0.250- 
i n .  t h i c k  2219-0 aluminum p l a t e  used i n  t h i s  program averaged 
21 ,400-ps i  u l t i m a t e  t e n s i l e  s t r e n g t h ,  9 ,000-ps i  t e n s i l e  y i e l d  
stress (0.2% o f f s e t ) ,  and 28% e l o n g a t i o n  f o r  a 2 - in .  s e c t i o n .  
Heat t r e a t m e n t  of the material acco rd ing  t o  recommended proce - 
dures  r e s u l t e d  i n  va lues  of 54,000-psi  u l t i m a t e  t e n s i l e  s t r e n g t h ,  
36,000-psi  t e n s i l e  y i e l d  s t r e n g t h ,  and 6% e l o n g a t i o n  f o r  a similar 
s e c t i o n .  A f t e r  e x p l o s i v e  deformat ion  of  the  a l l o y  i n  the  male 
forming d i e  t h e r e  w a s  l i t t l e  change i n  u l t i m a t e  s t r e n g t h ,  b u t  the 
y i e l d  s t r e n g t h  w a s  improved by about  65% w i t h  on ly  a s l i g h t  drop  
i n  e l o n g a t i o n .  P r o p e r t i e s  of e x p l o s i v e l y  formed m a t e r i a l  are 
shown i n  t h e  fo l lowing  t a b u l a t i o n .  
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Ult imate  T e n s i l e  S t r eng th  ( p s i )  22,100 

0.2% O f f s e t  Yie ld  S t r eng th  ( p s i )  15,000 

E longa t ion  i n  2 i n .  (%) 25.2 

A s  w i t h  t h e  2014 m a t e r i a l ,  2219 material p r o p e r t i e s  responded 
- 7 0 1  1 to h e s t  treatr,eiit a f t e r  fornilng airize eL- LLIc L: LLrsLl -l. c LeiapsAoLure ---e*-- * L A A  

s o l u t i o n  p rocess  removes t h e  e f f e c t s  of  e x p l o s i v e  s t r a i n i n g .  
P r o p e r t i e s  shown below are t y p i c a l  f o r  the  a l l o y  a f t e r  forming: 

U l t i m a t e  T e n s i l e  S t r eng th  ( p s i )  55 , 400 

0.2% O f f s e t  Yie ld  S t r eng th  ( p s i )  38,300 

E longa t ion  i n  2 i n .  (%) 6 

Again g r e a t e r  b e n e f i t s  might be r e a l i z e d  by forming t h e  a l l o y  
i n  the  s o l u t i o n - t r e a t e d  c o n d i t i o n  immediately a f t e r  h e a t  t r e a t -  
men t . 

111-15 

Blank S t r e t c h i n g  - The s t r a i n  d i s t r i b u t i o n  a c r o s s  t h e  2219-0 
b l anks  w a s  more uni form than  f o r  2014-0 material .  I n  g e n e r a l ,  
s t r a i n s  of from 1 t o  5% w e r e  p r e v a l e n t  over  most of t h e  compo- 
n e n t  s u r f a c e .  F i g u r e  111-14 shows a t y p i c a l  b l ank  i n  p l a n  view 
w i t h  s t r a i n  measurements i n d i c a t e d .  Blank t e a r i n g  accompanied 
forming i n  one c a s e  b u t  t h e  t e a r s  occur red  i n  t h e  d i e  c o r n e r s  
o u t s i d e  of  the  p a r t  t r i m  l i n e ,  t h e r e f o r e ,  the  breaks  were of  no 
consequence t o  the  f a b r i c a t i o n  of s u c c e s s f u l  p a r t s .  

Metal Springback - The spr ingback  w a s  low f o r  the e x p l o s i v e l y  
formed 2219-0 p l a t e .  However, the  v a l u e s  were n o t  q u i t e  as good 
as f o r  the  2014-0 o r  1020 s t e e l .  F i g u r e  111-15 shows t h e  con tour  
d e v i a t i o n s  measured a c r o s s  the formed b lank .  

Heat t r e a t m e n t  o f  t h e  formed p a r t  r e s u l t e d  i n  l i t t l e  p a r t  
d i s t o r t i o n  w i t h  a n  a c t u a l  dec rease  i n  con tour  d e v i a t i o n .  
111-15 i l l u s t r a t e s  t h e  spr ingback  observed a f t e r  thermal  p rocess -  
i ng .  Lower spr ingback  va lues  were achieved (0.015 i n . ) ,  however, 
l i m i t e d  specimens prevented  s t a t i s t i c a l  v a l u e s  from be ing  d e v e l -  
oped. The a l l o y  w a s  s o l u t i o n  h e a t - t r e a t e d  and aged b e f o r e  t r i m -  
ming. 
a ided  i n  b lank  r e s t r a i n t  and prevented  s e r i o u s  d i s t o r t i o n  from 
quenching stresses. Trimming of  t h e  b lank  d i d  n o t  s e r i o u s l y  a f -  
f e c t  t h e  measured contour  d e v i a t i o n s  as shown i n  F i g .  111-15. 
A l l  of t h e  b l anks  i n  t h e  program r e q u i r i n g  h e a t  t r e a t m e n t  were 
processed  i n  t h e  above manner. 

F i g u r e  

The r a t h e r  s t i f f  panel r e s u l t i n g  from t h e  convolu ted  edges 
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a f t e r  Explosive Deformation 
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3 .  2219-T31 Aluminum P l a t e  

Using complete edge r e s t r a i n t  of t h e  2219-T31 aluminum p l a t e  
r e s u l t e d  i n  f a i l u r e  t o  e f f e c t  any a p p r e c i a b l e  forming .  Charges 
v a r y i n g  from c e n t r a l  placement t o  a n n u l a r  l o c a t i o n  i n  s i z e s  up t o  
5950 g r a i n s  of pressed  RDX f a i l e d  t o  e f f e c t  necessa ry  b l ank  
s t r e t c h i n g .  Ring cha rges  c o n s i s t i n g  of  two s t r a n d s  of  400 g r a i n /  
f t  PETN primacord on a Z l - in . -d i ame te r  caused t h e  clamping b a r  
and holddown clamps t o  d isengage  on  one s i d e .  Th i s  caused r e l e a s e  
of clamping p r e s s u r e  a long  one s i d e  of the  p a r t .  I n  a d d i t i o n  
t h r e e  clamp screws were deformed by t h e  b l a s t  wave. Very l i t t l e  
co rne r  deformation occur red  us ing  a 3 - i n .  e x p l o s i v e  s t a n d o f f .  A 
pres sed  charge of  RDX weighing 5950 g r a i n s  l o c a t e d  c e n t r a l l y  a t  
a 6 - i n .  s tandoff  caused more b l ank  deformat ion ,  b u t  s t i l l  d i d  n o t  
e f f e c t  necessary  co rne r  s t r e t c h i n g .  

A s i g n i f i c a n t  amount of  d i f f i c u l t y  w a s  encountered  i n  t r y i n g  
t o  s e a t  the b l ank  i n t o  the  p e r i p h e r a l  groove i n  the  d i e .  Corner 
c r a c k i n g  was p r e s e n t  i n  some c a s e s  and the  h igh  s t r e n g t h  of t h e  
a l l o y  prevented r o u t i n e  s e a t i n g .  Bending t h e  edges o f  t h e  pane l  
i n t o  t h e  groove was p a r t i c u l a r l y  d i f f i c u l t .  Torch h e a t i n g  of  the  
b l ank  pe r iphe ry  was t r i e d  i n  one case  t o  a t t e m p t  t o  s o f t e n  t h e  
m a t e r i a l  enough s o  t h a t  s e a t i n g  might be  accomplished more e a s i l y .  
The h e a t i n g  had l i t t l e  noticeab1.e eEEect on b lank  behav io r .  

Because no a c c e p t a b l e  p a r t s  were produced from t h i s  a l l o y  
temper,  mechanical p r o p e r t i e s  and sp r ingback  measurements a r e  n o t  
p r e s e n t e d .  Springback measurements were made b u t  t h e  r e s u l t s  had 
l i t t l e  u s e f u l  meaning. The re fo re ,  t h e i r  i n c l u s i o n  i n  the  r e p o r t  
was n o t  be l i eved  t o  be a p p r o p r i a t e .  S t r e t c h i n g  measurements a r e  
shown i n  F i g .  111-16.  The p a r t i a l l y  formed p a r t  i s  p re sen ted  i n  
F i g .  1 1 1 - 1 7 .  

4 .  7039-0 Aluminum P l a t e  

Severa l  d i f f e r e n t  forming sequences were t r i e d  on the  0.250-  
i n .  t h i c k  7039 aluminum b lanks  to  e f f e c t  forming .  Sequences i n -  
c luded  the use of  f o u r  590-gra in  Cyadyn 3 c o r n e r  s h o t s  f i r e d  
s imul t aneous ly ,  a lOx20x0.025-in.  c e n t r a l  charge  of s h e e t  e x p l o -  
s i v e ,  and 1200 g r a i n s  of  PETN primacord l o c a t e d  i n  a 2 - f t -d i ame te r  
r i n g  a t  a 2 - i n .  s t a n d o f f .  The co rne r  cha rges  and s h e e t  e x p l o s i v e  
were loca ted  6 i n .  above t h e  b l ank  s u r f a c e .  O f  t he  t h r e e  charge 
arrangements  t he  primacord r i n g  gave t h e  b e s t  r e s u l t s .  I t  was 
necessa ry  t o  use a two-shot forming sequence invo lv ing  t h e  m e  of  
primacord r i n g s  c o n t a i n i n g  1200 and 1500 g r a i n s  o f  e x p l o s i v e ,  
r e s p e c t i v e l y .  
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The 7039-0 b l ank  d i d  not c r e a t e  any problems dur ing  the  
s e a t i n g  o p e r a t i o n  and t h e r e  w a s  l i t t l e  tendency toward t e a r i n g  
a t  t h e  b lank  c o r n e r s .  I t  was  p o s s i b l e  t o  use clamping f o r c e  a s  
low a s  5140 l b l i n .  t o  e f f e c t  b l ank  s e a t i n g  and s e a l i n g  a g a i n s t  
=:z I % ! q C .  

Mechanical P r o p e r t i e s  - The p r o p e r t i e s  o f  7039-0 a r e  v e r y  
similar t o  2219-T31 accord ing  t o  t e s t  d a t a  o b t a i n e d  d u r i n g  the  
s t u d y .  The a s - r e c e i v e d  m a t e r i a l  p r o p e r t i e s  f o r  t h e  7039 a l l o y  
are shown below: 

U l t i m a t e  S t r e n g t h  ( p s i )  53,100 

0.2% O f f s e t  Y i e l d  S t r e n g t h  ( p s i )  37,300 

Elongat ion  i n  2 i n .  (%) 26.5 

The p r o p e r t i e s  a f t e r  h e a t  t r ea tmen t  a r e  a l s o  similar w i t h  the  
e x c e p t i o n  t h a t  7039 possesses  much h i g h e r  e l o n g a t i o n .  The h e a t  
t r e a t e d  p r o p e r t i e s  of t h e  a l l o y  a r e  as fo l lows :  

U l t i m a t e  T e n s i l e  S t r eng th  ( p s i )  59,100 

0.2% O f f s e t  Y ie ld  S t r e n g t h  ( p s i )  49,700 

E longa t ion  i n  2 i n .  (X) 1 5 . 5  

Even though t h e  p r o p e r t i e s  of 7039-0 a r e  s imi la r  t o  those  of  
2219-T31 the  f o r m a b i l i t y  of 7039-0 i s  much s u p e r i o r  t o  t h a t  of 
2219-T31. I t  was e s t a b l i s h e d  i n  a p rev ious  study* t h a t  s i g n i f i -  
c a n t  s t r e n g t h e n i n g  of 2219-T31 occur s  from e x p l o s i v e  deformat ion .  
I n  f a c t ,  by a modified ag ing  c y c l e  ( s e e  Tab le  1 1 - 4 ) ,  a f u l l  a l l o y  
response  t o  ach ieve  2219-T81 p r o p e r t i e s  can be o b t a i n e d .  I n  t h e  
c a s e  of 7039 aluminum, s i g n i f i c a n t  s t r e n g t h e n i n g  occur s  from 
e x p l o s i v e  deformat ion .  The u l t i m a t e  s t r e n g t h  i n c r e a s e s  by abou t  
11,000 p s i ,  t h e  y i e l d  s t r e n g t h  by abou t  5,000 p s i ,  wh i l e  t h e r e  i s  
a r a t h e r  d r a s t i c  r e d u c t i o n  in  e l o n g a t i o n .  The t y p i c a l  v a l u e s  ob- 
t a i n e d  f o r  7039 a f t e r  forming are: 

Ul t ima te  S t r e n g t h  ( p s i )  64,100 

0.2% O f f s e t  Y ie ld  S t r e n g t h  ( p s i )  42,600 

E longa t ion  i n  2 i n .  (%) 10.3 

*NASA C o n t r a c t  NAS8 -1 17 94. 
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Thus i t  appears  t h a t  i t  may be p o s s i b l e  t o  form 7039-0 m a t e r i a l  
and o b t a i n  d e s i g n  p r o p e r t i e s  v e r y  nea r  t hose  f o r  aged mater ia l  
s i n c e  the above mechanical p r o p e r t i e s  a r e  ave rages  f o r  materia!. 
removed from t h e  c e n t e r  and edges of t he  formed b l a n k .  BecausL 
t h e  aging c y c l e  f o r  7039 aluminum i s  a r a t h e r  complex and lenpchy 
p r o c e s s ,  u s e  o f  e x p l o s i v e l y  formed, annea led  m a t e r i a l  h a s  rcilny 
advan tages .  

Blank S t r e t c h i n g  - Using primacord r i n g s  on  a 2 - f t - d i a m e t e r  
c i r c l e ,  the most c o n s i s t e n t  b l ank  s t r e t c h i n g  w a s  o b t a i n e d .  E’1.2- 2 

u r e  111-18 shows t h e  s t r a i n  d i s t r i b u t i o n  ove r  t h e  b l ank  surface.. 
Note t h a t  a maximum s t r a i n  of on ly  9% o c c u r s  nea r  t he  b l ank  - o r -  
ner while  t h e  remainder o f  the  b l ank  had i n d i c a t e d  s t r a i n s  i n  the  
r ange  of 1 t o  3% f o r  t h e  major p o r t i o n  of the  s u r f a c e .  Thus t h e  
uniform mechanical p r o p e r t i e s  o b t a i n e d  from deformed material  
shou ld  be e x p e c t e d .  It  i s  v e r y  d i f f i c u l t  t o  o b t a i n  completelv 
uniform s t r a i n  over  the  e n t i r e  component s u r f a c e ,  however, i t  
a p p e a r s  q u i t e  f e a s i b l e  t o  ach ieve  u n i f o r m i t y  t o  w i t h i n  2 t o  3% 
over  the  g r e a t e r  p o r t i o n  o f  t he  p a r t .  I f  adequate  s t r e t c h i n g  i s  
t o  be achieved du r ing  forming,  c o r n e r  r e c e s s e s  a r e  necessa ry  t o  
p rec lude  low s t r a i n s  n e a r  t h e  p a r t  t r i m  l i n e s .  

Metal Springback - The con tour  d e v i a t i o n s  found f o r  e x p l o s i v e l y  
formed 7039-0 aluminum were g r e a t e r  t h a n  f o r  2014-0 m a t e r i a l .  F i g -  
u r e  111-19 shows t h e  s p r i n g b a c k . c u r v e s  f o r  as-formed;  as-formed 
and h e a t - t r e a t e d ;  and as-formed,  h e a t  t r e a t e d ,  and trimmed mate- 
r i a l .  N o t e  t h a t  con tour  d e v i a t i o n s  a r e  reduced a f t e r  t he  un- 
trimmed p a r t  i s  s u b j e c t e d  t o  t h e  s o l u t i o n  t r e a t i n g  c y c l e .  Sub- 
sequen t  aging and trimming t end  t o  reduce the  e x t e n t  o f  con tour  
d e v i a t i o n s  w i t h i n  t h e  l i m i t s  d e s i r e d ,  i . e . ,  0 .025 t o  0 .030 i n .  
S l i g h t l y  h i g h e r  cha rges  could p o s s i b l y  be used t o  e f f e c t  more 
deformation a t  the  d i e  c o r n e r s  t o  reduce s p r i n g b a c k .  I n  add i -  
t i o n ,  the a d d i t i o n a l  work induced i n  t h e  b l a n k  may y i e l d  mechan- 
i c a l  p r o p e r t i e s  i n  the  r e g i o n  of f u l l y  h e a t - t r e a t e d  m a t e r i a l  
‘ t h a t  would p rec lude  t h e  n e c e s s i t y  f o r  h e a t - t r e a t m e n t  and t h u s  
m a i n t a i n  t h e  low con tour  d e v i a t i o n s .  More work i s  r e q u i r e d  t o  
develop optimum c o n d i t i o n s  f o r  minimum s p r i n g b a c k .  

5 .  1 0 2 0  Carbon S t e e l  

No d i f f i c u l t i e s  were encountered d u r i n g  t h e  b l ank  s e a t i n g  
o p e r a t i o n .  B o l t  t o rque  of 400 f t - l b ,  co r re spond ing  t o  clamping 
f o r c e  of 6550 l b f i n . ,  was necessa ry  t o  p r e v e n t  a i r  leakage i n t o  
t h e  evacuated d i e  c o r n e r s  and comple t e ly  s e a t  t h e  b l ank  i n  t h e  
p e r i p h e r a l  groove.  The 1020 s t e e l  m a t e r i a l  i s  v e r y  d i f f i c u l t  t o  
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a 

deform once a n  i n i t i a l  forming o p e r a t i o n  has  been accomplished. 
C e n t r a l  cha rges  of 2000 Trains  o f  Cyadyn 3 dynamite a t  a 6 - in .  
s t a n d o f f  appeared t o  y i L i d  the b e s t  r e s u l t s .  D i e  co rne r  cha rges  
of  600 g r a i n s  of Cyadyn 3 each f i r e d  s imul taneous ly  a t  the same 
s t ~ i ; d v f f  ~~s.L=LLc d i d  ILUL r e s u i ~  i n  anp ine re  near  cne saine cie- 
fo rma t ion .  
a 2- f t -d i ame te r  c i r c l e  a t  a 2 - in .  s t a n d o f f  d i s t a n c e  r e s u l t e d  i n  
g r e a t e r  m e  t a l  deformat ion  bu t  t h e  c e n t r a l  charges  produced the 
g r e a t e s t  draw. Once a n  i n i t i a l  forming s h o t  w a s  f i r e d  v e r y  l i t t l e  
w a s  ga ined  by subsequent s h o t s  o f  s imi l a r  s i z e .  

Two s t r a n d s  o f  100 g r a i n / f t  PETN primacord c o i l e d  on  

Mechanical P r o p e r t i e s  - The s t a r t i n g  material from 0 .125- in . -  
t h i c k  s t o c k  showed the fo l lowing  p r o p e r t i e s :  

U l t i m a t e  T e n s i l e  S t r eng th  ( p s i )  45 , 500 

0.2% O f f s e t  Y ie ld  S t r e n g t h  ( p s i )  32,300 

E longa t ion  i n  2 i n .  (%) 35.6 

A f t e r  e x p l o s i v e  forming, t he re  w a s  a g a i n  i n  bo th  u l t i m a t e  and 
y i e l d  s t r e n g t h s  of  about  3,000 and 6,000 p s i ,  r e s p e c t i v e l y ,  w i t h  
a n  a t t e n d a n t  loss i n  e l o n g a t i o n .  The p r o p e r t i e s  were similar 
f o r  material removed from the t o p ,  l e f t ,  and bottom of  the  b l ank ,  
b u t  were lower on the  r i g h t  s i d e  of  the  b l ank .  Thus p r o p e r t y  
u n i f o r m i t y  w a s  no t  ach ieved .  The more t y p i c a l  b lank  p r o p e r t i e s  
a f t e r  forming were : 

Ult imate  T e n s i l e  S t r eng th  ( p s i )  48 600 

0.2% O f f s e t  Y ie ld  S t r e n g t h  ( p s i )  38,800 

E longa t ion  i n  2 i n .  (%) 23.0 

It does n o t  appear  t h a t  e x p l o s i v e  deformat ion  has  an a p p r e c i a b l e  
i n f l u e n c e  on t h e  p r o p e r t i e s  of 1020 s t e e l  when formed i n  a male 
d i e .  

Blank S t r e t c h i n g  - Figure 111-20 shows the  b l ank  p l an  view 
and a t t e n d a n t  meta l  s t r e t c h i n g  f o r  s p e c i f i c  l o c a t i o n s  on the b l ank .  
I n  g e n e r a l ,  s t r a i n s  from 0 t o  4 .5% were o b t a i n e d  over  the e n t i r e  
b l ank  e x c e p t  a t  the  ve ry  c o r n e r s  where e l o n g a t i o n s  up t o  11.0% 
were r eco rded .  Most o f  t h e  deformat ion  occur s  i n  t h e  f i r s t  s h o t  
o f  a m u l t i p l e  s h o t  forming sequence, and t h e r e f o r e  l i t t l e  i s  ga ined  
by u s i n g  a number o f  s h o t s  t o  o b t a i n  forming. 
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Metal Springback - P a r t  contour  d e v i a t i o n  from the  d i e  w a s  
q u i t e  low f o r  the 1020 s tee l  as shown i n  F i g .  111-21. I n  com- 
p a r i s o n  t o  the  aluminum a l l o y s ,  t h e  s t ee l  y i e l d e d  the  lowes t  
contour  d e v i a t i o n  from the  d i e .  

6. T i tan ium 6A1-4V 

A g r e a t  d e a l  o f  d i f f i c u l t y  w a s  expe r i enced  i n  a t t e m p t i n g  t o  
form the  0.050-in. -chick T i - G I - 4 V  annea led  s h e e t .  Attempts 
were made t o  form unsandwiched material s i n c e  the charge  r e q u i r e -  
ments a r e  minimal. However, s e v e r a l  a n t i c i p a t e d  problems caused 
f a i l u r e  when a c e n t r a l l y  l o c a t e d  charge  of  500 g r a i n s  of  Cyadyn 
3 dynamite a t  a 6-in.  s t andof f  w a s  used.  I n  g e n e r a l ,  t h e  primary 
problem s t e m s  from the  poor notch toughness of  the  a l l o y .  When 
u s i n g  a b lank  s i z e  of 38% x 35%-in. ,  meta l  f o l d i n g  a t  t h e  d i e  
c o r n e r s  caused c racks  t o  form d u r i n g  t h e  s e a t i n g  o p e r a t i o n .  

I n  a d d i t i o n ,  once s e a t e d ,  r a d i a l  r i p p l e s  running  from the  
p a r t  apex t o  t h e  d i e  c o r n e r s  form when the  d i e  c a v i t y  i s  evacu- 
a t e d .  F i g u r e  111-22 i l l u s t r a t e s  the  e f f e c t  which i s  a c c e n t u a t e d  
a f t e r  forming. When t h e  exp los ive  i s  d e t o n a t e d ,  the  c r a c k s  which 
form a t  t h e  d i e  c o r n e r s  du r ing  s e a t i n g  ex tend  and p reven t  any 
f u r t h e r  forming on the p a r t .  The r a d i a l  r i p p l e s  e n l a r g e  and be-  
g i n  f o l d i n g ,  and metal puckering a t  the  i n n e r  d i e  draw r a d i u s  
a long  t h e  s i d e s  o f  the d i e  y i e l d  s m a l l  c r a c k s .  There i s  no a p -  
p r e c i a b l e  change i n  b lank  behavior when u s i n g  t r u n c a t e d  edges,  
which e f f e c t i v e l y  reduce the  b l ank  s i z e .  F igu re  111-23 shows a 
modified b l ank  form used i n  expe r imen ta t ion .  

Shims had t o  be used du r ing  the s e a t i n g  o p e r a t i o n  due t o  the 
t h i c k n e s s  of  the  m a t e r i a l .  No p a r t i c u l a r  d i f f i c u l t y  w a s  en-  
countered  i n  s e a t i n g  the blank.  Evacuat ion  of  the  d i e  c a v i t y  
could  be achieved  even w i t h  sma l l  c o r n e r  c r a c k s  p r e s e n t .  

Since c o n s i d e r a b l e  success had been r e a l i z e d  i n  the  p a s t  
u s i n g  sandwiching techniques  f o r  the  deep drawing of Ti-6A1-4V, 
t h i s  technique  w a s  used i n  t h i s  program. The 0 .050- in . - th i ck  
Ti-6A1-4V b l a n k  w a s  sandwiched between two s h e e t s  of  0.075-in.  - 
t h i c k  carbon s t e e l .  The composite b l ank  w a s  s e a t e d  w i t h o u t  undue 
d i f f i c u l t y  t o  f u l l  groove depth.  Clamping f o r c e  of  abou t  5140 
l b l i n .  w a s  necessa ry  t o  seat t h e  composite and p reven t  a i r  l e a k -  
age i n t o  t h e  d i e .  During the s e a t i n g  o p e r a t i o n  and subsequent  
d i e  e v a c u a t i o n  t h e r e  w a s  l i t t l e  ev idence  o f  t h e  r a d i a l  r i p p l e s  
s e e n  when unsandwiched material w a s  formed. I n  a d d i t i o n ,  minor 
c o r n e r  c r a c k i n g  w a s  exper ienced  even a f t e r  a n  i n i t i a l  forming 
o p e r a t i o n .  
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F i g .  111-22 Wrinkling of Ti-6A1-4V A l l o y  after Explos ive  Forming 

F i g .  111-23 Modif ied Blank Form 
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The r a d i a l  r i p p l e s  were f l a t t e n e d  c o n s i d e r a b l y  u s i n g  a n  X 
p a t t e r n  of PETN primacord of 1200 g r a i n s  t o t a l  a t  3 - i n .  s t a n d o f f .  
i f  t h e r e  were more t ime we would have removed t h e  lower 0 . 0 7 5 - i n .  
s t e e l  s h e e t  and formed i t  completely,  b u t  perhaps w i t h  a couple  
of t e a r s ,  such a s  those  a l r e a d y  begun a t  two c o r n e r s ,  t h e  a d d i -  
t i o n a l  deformation may have caused f a i l u r e .  F igu re  111-24 de- 
p i c t s  t h e  p a r t  d e v i a t i o n  from t r u e  c o n t o u r ,  b o t h  as-formed and 
and trimmed. 

I n  summary ,  i t  was p o s s i b l e  t o  e x p l o s i v e l y  form 2014-0, 2219-0, 
and 1020 s t e e l ,  and 7039-0 a l l o y s  t o  produce go re  segment p a r t s  
( F i g .  111-25 and 111-26) .  Summary cu rves  of as-formed m a t e r i a l  
a l l o w  s u i t a b l e  comparisons t o  be made. F i g u r e s  1 1 1 - 2 7  and 111-28 
p r e s e n t  the contour  d a t a  ob ta ined  d u r i n g  t h e  program. The 2219- 
T31 m a t e r i a l  could not  be formed t o  a c c e p t a b l e  t o l e r a n c e s  u s i n g  
charge s i z e s  w i t h i n  the  c a p a b i l i t y  of t h e  t o o l i n g  u s e d .  I n  ad-  
d i t i o n  the v e r y  l a r g e  charge requirement  on the  1 / 7 - s c a l e  d i e  
would r e s u l t  i n  charge s i z e s  on t h e  f u l l - s c a l e  beyond t h e  capa- 
b i l i t y  o f  any e x i s t i n g  f a c i l i t y  i n  the  United S t a t e s .  

Note t h a t  t h e  con tour  measurements ob ta ined  on t h e  b l ank  from 
t o p  t o  bottom ( F i g .  111-27) were i n  g e n e r a l  somewhat lower t h a n  
measurements ob ta ined  from l e f t  t o  r i g h t  ( F i g .  111-28) .  T h i s  was 
a r e s u l t  of g r e a t e r  b l ank  s t r e t c h i n g  i n  t h e  t o p  t o  bottom d i r e c -  
t i o n .  However, even f o r  t he  worst  c a s e ,  t h e  d e v i a t i o n s  were 
0 . 0 6 0 - i n . ,  which would r e s u l t  i n  sp r ingback  of about 0 . 4 2 0 - i n .  
cn t h e  f u l l  s c a l e .  

Metal  t h i c - o u t  measurements were made us in, a Vidigaze t l i i ck-  
nes s  t e s t e r  shown i n  F i g .  111-29. However, thL amount o f  t h i n o u t  
r eco rded  w i t h i n  the  c o n f i n e s  o f  t h e  t r i m  l i n e  was so  1 0 ~ 7  t h a t  
complete measurements f o r  a l l  a l l o y s  were no t  n e c e s s a r y .  ' ih ick-  
nes s  d e v i a t i o n s  of on ly  0.002 i n .  were measured, which i s  \ y e l l  

w i t h i n  the t o l e r a n c e  f o r  s h e e t  o r  p l a t e  t h i c k n e s s  used .  Thus f o r  
a l l  p r a c c i c a l  purposes  t h i n - o u t  was nonexis  t e n t .  

Th? p r o p e r t i e s  o f  7039-0 a l l o y  underwent t he  mosc mod i€ icn t ion  
of any of t h e  a l l o y s .  Explosive de fo rma t ion  h a s  on ly  a moderi te  
i n f l u e n c e  on the  p r o p e r t i e s  o f  2014-0, 2219-0, and 1020 s t e e l .  
From p a s t  expe r i ence  i t  i s  knowa t h a t  t he  p r o p e r t i e s  of  2 2 1 9 - i j l  
a r e  s i g n i f i c a a t l y  i n f l u e n c e d  by e x p l o s i v e  de fo rma t ion  w h i l  LL:'cIL 
i s  l i t t l e  char.ge i n  p r o p e r t i e s  f o r  Ti-6A1-4V even f o r  d i s i l b  C J , ~ ~ -  

p a r a b l e  to a f i :1  e l l i p s o i d  shape.  
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Fig.  111-25 Five Segment Pa r t s  Exp los ive ly  Formed 

~~ 

- 
Fig .  111-26 Three Segment P a r t s  Exp los ive ly  Formed 
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ExpI.0 - 
s ive  
( I b )  

0.143 
49.0 

0.172* 
59.0 

0.572* 
196.0 

0.428* 
147 .O 

0.500 
171.5 

0.172* 
59 .o 

I V .  SCALING CRITERIA 

Explosive 
Standoff 

( i n . )  

6.0 
42 .O 

2 .o 
14.0  

3 .O 
2 1  .o 

2.0 
14.0 

6.0 
42 .O 

2.0 
14 .O 

Based on  the  r e s u l t s  o f  t h i s  program, Table IV-1 p r e s e n t s  the 
c r i t e r i a  necessa ry  t o  e x p l o s i v e i y  torm gore segment p a r t s  on a 
m a l e  forming d i e  from each  of t h e  materials s t u d i e d .  

Table I V - 1  S c a l i n g  Criteria f o r  Explos ive  Forming 
of  F u l l - s c a l e  Gore Segments 

A l l o y  

2014 
1 / 7  S c a l e  
F u l l  S c a l e  

2219-0 
1 / 7  S c a l e  
F u l l  S c a l e  

2 21  9 -T31 
1 / 7  S c a l e  
Full Sca le  

7039-0 
1 / 7  Sca le  
F u l l  Sca le  

T i  -6A1-4W 
1 / 7  Sca le  
F u l l  Sca le  

1020 
1/7 Sca le  
Full Sca le  

~~ 

Blank Size 
( i n .  ) 

30 x 37.5 
210 x 262.5 

26.5 x 32.5 
185.5 x 227.5  

26.5 x 32.5 
185.5 x 227.5 

26.5 x 32.5 
185.5 x 227.5 

25.5 x 32.5 
iy8 .5  x 227.5 

28.5 x 35.5 
199.5 x 248.5 

Hold- 
down 
Force  
[ l b / i n .  ) 

6850 
4790 

5140 
3 600 

6550 
4580 

5140 
3600 

5140 
3600 

6550 
4580 

Blank 
Thick- 
nes s  
( i n .  ) 

0.125 
0.875 

0.250 
1.750 

0.250 
1.750 

0.250 
1.750 

0.050 
0.350 

0.125 
0.875 

IV- 1 

*PETN primacord, 2- f t -d iameter  r i n g .  
$Carbon s tee l  cover  s h e e t s  needed - 

1/7 s c a l e :  0.075 i n .  t h i c k ;  
Full s c a l e -  0.525 i n .  thiclc. 
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V. CONCLUSIONS AND RECOMMENDATIONS 

1 )  P o s i t i v e  edge r e s t r a i n t  of b l a n k s  e x p l o s i v e l y  formed 
on a male forming d i e  g r e a t l y  r educes  sp r ingback  when 
compared t o  t echn iques  a l l o w i n g  f r e e  edge p u l l - i n ;  

2)  Ra the r  uniform s t r e t c h i n g  can  be  achieved w i t h i n  the 
c o n f i n e s  of t h e  p a r t  t r i m  l i n e  u s i n g  t h e  male d i e  con- 
c e p t ;  

3 )  The 7039-0 aluminum appea r s  amenable t o  e x p l o s i v e  
s t r e n g t h e n i n g  t o  the e x t e n t  t h a t  subsequent h e a t  t r e a t -  
ment may b e  unnecessary;  

4 )  Blank t h i n o u t  a f t e r  e x p l o s i v e  forming i s  p r a c t i c a l l y  
n o n e x i s t e n t  (on t h e  o r d e r  o f  0.002 i n . ) ;  

5) The t h i c k e s t  m a t e r i a l s  s t u d i e d  a l l  responded w e l l  t o  
primacord r i n g  charges wh i l e  t h e  t h i n n e r  m e t a l s  were 
b e t t e r  formed w i t h  c e n t r a l  c h a r g e s ;  

6) Heat t r ea tmen t  of p a r t s  a f t e r  forming, which i n c l u d e s  
a s o l u t i o n  h e a t  t r e a t  s t e p ,  d e s t r o y s  t h e  low s p r i n g -  
back achieved on annealed m a t e r i a l ;  

7 )  Design c r i t e r i a  f o r  d i e s ,  holddown r i n g s ,  and clamps 
developed under Phase I proved t o  be  q u i t e  s a t i s f a c t o r y  
based on d i e  performance; 

8) Within t h e  t i m e  and money l i m i t a t i o n s  of t h i s  c o n t r a c t ,  
s u i t a b l e  exp los ive  forming t e c h n i q u e s  could no t  be  de- 
veloped f o r  2219-T31 and Ti-6A1-4V a l l o y s .  

Seve ra l  a r e a s  of a d d i t i o n a l  work a r e  suggested from t h i s  s tudy.  
Recommendations f o r  f u t u r e  work a r e  l i s t e d  a s  f o l l o w s :  

v-1 
I 
I 

1) S t u d i e s  of s o l u t i o n - t r e a t e d  m a t e r i a l  should be  conducted 
t o  e l i m i n a t e  problems of d i s t o r t i o n  due t o  quenching 
s t r e s s e s ;  
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2 )  F u r t h e r  r e s e a r c h  i s  necessa ry  t o  e x p l o s i v e l y  form gore  
segments o u t  of 2219-T31 and Ti-6A1-4V a l l o y s ;  

3 )  Subscale  s t u d i e s  should be  conducted on s c a l e d  t h i c k -  
n e s s e s  t o  permit t h e  development of c r i t e r i a  s u i t a b l e  
f o r  d e s i g n  t h i c k n e s s e s  used on t h e  f u l l  s c a l e ;  

4 )  B e t t e r  t echn iques  f o r  b l ank  s e a t i n g ,  a l ignmen t ,  and 
con tour  measurement should be  developed;  

5)  Improvements i n  cha rge  s i z e  and placement a r e  necessa ry  
t o  reduce cha rge  r equ i r emen t s  and improve metal  d e f o r -  
m a t  i o n ;  

6 )  Subscale  t e s t  domes f a b r i c a t e d  from e x p l o s i v e l y  formed 
g o r e s  would prove t h e  v a l u e  of reduced sp r ingback  p a r t s .  
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